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CHAPTER  1 

THE  CASE  FOR  A  GALLIUM  ARSENIDE  DYNAMIC  MEMORY 


1.1  Memory  Performance  Criteria 

Integrated-circuit  semiconductor  memories  are  desirable  for  non-permanent 
digital  information  storage  because  of  their  high  speed,  low  cost,  compact  size, 
and  compatibility  with  integrated-circuit  central  processing  units.  In  the  design 
of  any  digital  system,  the  technology  used  to  implement  the  system  is  selected 
by  determining  which  available  technology  can  provide  the  demanded  system 
performance  at  the  lowest  cost.  System  performance  parameters  include 
operating  speed,  power  dissipation,  physical  size  and  weight,  and  reliability  in 
the  specified  environment.  In  some  applications,  performance  requirements  have 
well-defined  upper  and  lower  limits.  For  example,  there  is  no  need  for  digital 
controllers  in  home  appliances  to  operate  at  several  MHz,  and  the  weight  and 
power  requirements  of  a  land-based  main-frame  computer  are  of  little 
consequence.  In  many  applications,  however,  the  requirements  are  more  open- 
ended.  Super  computers,  for  example,  can  never  be  fast  enough,  and  increasing 
the  reliability  of  any  system  is  always  desirable.  In  such  situations,  the  optimal 
implementation  technology  is  determined  by  evaluating  the  trade-offs  between 
improving  performance  of  an  open-ended  criterion  and  system  cost,  or  between 
competing  criteria  such  as  speed  and  power. 

Specific  performance  characteristics  differentiating  semiconductor  memory 
technologies  are  access  time,  power-dissipation-per-bit,  single-chip  capacity, 
operating  temperature  range,  radiation  hardness,  and  cost-per-bit.  Some  of 
these  specific  characteristics  are  in  one-to-one  correspondence  witu  the  more 
general  system  performance  requirements,  while  others  are  interrelated.  For 
example,  power-dissipation-per-bit  and  cost-per-bit  translate  directly  into  system 
power  and  system  cost,  while  system  reliability  is  affected  by  operating 
temperature  range,  radiation  hardness,  and  single-chip  capacity.  Chip  capacity 
is  related  to  reliability  because  higher  capacity  per  chip  reduces  the  number  of 
pins  and  chip-to-chip  interconnects,  which  can  be  significant  sources  of  system 
failure. 


The  relationship  between  the  specific  characteristics  of  memory  technologies 
and  the  operating  speeds  of  systems  in  which  the  technologies  are  used  can 
become  complex,  particularly  in  systems  designed  for  very  high  throughput. 
This  is  because  memory-system  speed  performance  is  a  strong  function  not  only 
of  the  specific  characteristics  of  the  individual  integrated  circuits  employed,  but 
also  of  the  architecture  used  to  define  their  functions.  For  evample,  memory 
systems  which  must  handle  large  amounts  ,x  data  at  high  speeds  are  designed 
hierarchically,  with  a  limited  amount  of  very  fast,  high-cost  memory  backed  by 
a  larger  and  slower  main  memory  implemented  in  a  less  expensive  technology. 
The  small,  fast  memory  block,  called  the  cache,  would  ideally  be  located  on  the 
chip  with  the  processor  itself.  This  may  be  impossible  due  to  incompatible 
processor  and  memory  technologies  or  because  of  power-dissipation  or  chip- 
capacity  restrictions.  If  the  cache  is  on  a  separate  chip  or  chips,  it  must  be 
located  as  close  as  possible  to  the  processor  to  minimize  interconnect  delays.  A 
memory  technology  with  very  limited  single-chip  capacity  could  require  many 
chips  to  compose  the  cache,  making  a  compact  arrangement  difficult,  and 
possibly  reducing  performance. 

When  evaluating  the  impact  of  specific  characteristics  of  a  memory 
implementation  technology  on  system  speed  performance,  it  is  essential  to 
identify  the  level  of  the  memory  hierarchy  where  the  technology  would  be 
employed.  For  example,  a  technology  with  a  relatively  slow  access  time  but 
with  very  low  power-dissipation-per-bit  and  high  single-chip  capacity  could  be 
used  as  main  memory  in  a  cached  system  without  significantly  limiting  speed 
performance.  As  a  second  example,  consider  a  memory  technology  intended  for 
use  in  a  high-speed  cache  not  located  on-chip  with  the  processor.  In  this  case,  it 
is  critical  that  the  single-chip  capacity  be  great  enough  to  allow  the  cache  to  be 
implemented  in  few  enough  chips  to  be  placed  in  close  proximity  to  the 
processor.  Once  this  goal  is  achieved,  there  is  a  sharply  diminishing  return  in 
system  speed  performance  for  increasing  single-chip  capacity,  because  increasing 
cache  size  beyond  a  certain  point  is  ineffective. 

Consideration  of  hierarchical  memory  systems  also  points  out  another  less- 
easily-quantifiable  but  possibly  very  important  characteristic  of  memory 
implementation  technologies:  the  ease  with  which  one  technology  can  be 
interfaced  with  others.  For  example,  it  may  be  desirable  to  use  different 
technologies  with  different  electrical  input-output  characteristics  for  main 
memory  and  a  ca<-,..e.  A  more  extreme  case  is  in  the  design  of  processors  with 
on-chip  cache,  where  the  memory  technology  and  the  processor  must  have  not 
only  compatible  electrical  characteristics  but  compatible  fabrication  sequences  as 
well. 
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1.2  Integrated-Circuit  Memory  Implementation  Technologies 

Broadly  defined,  an  integrated-circuit  memory  technology  is  a  choice  of  a 
semiconductor  material,  a  dynamic  or  static  approach,  and  a  logic  form  and 
transistor  type.  For  example,  the  dominant  form  of  super-computer  cache 
memory  is  currently  silicon  static  emitter-coupled  logic  (ECL),  which  uses 
bipolar  transistors.  Very  high  density,  low  cost  memory  is  implemented  using 
silicon  dynamic  designs  in  complementary  metal-oxide-semiconductor  (CMOS) 
logic.  Such  classifications  of  memory  technologies  are  becoming  less  distinct, 
however,  due  to  efforts  to  combine  the  best  features  of  different  approaches. 
Recently  designs  have  been  demonstrated  which  use  different  logic  forms  for  the 
memory  array  and  the  peripheral  access  circuitry,  such  as  silicon  BiCMOS, 
which  uses  bipolar  peripheral  circuitry  with  a  CMOS  static  memory  cell  array 
lb  Development  is  even  underw'av  for  single  integrated  circuits  which  have 
components  implemented  in  separate  semiconductor  materials,  such  as  GaAs  on 
Si  [2]. 

Within  a  broad  classification,  such  as  silicon  static  CMOS,  there  are  an 
unlimited  number  of  design  variations  and  details  which  will  affect  the  specific 
performance  characteristics  of  the  memory.  For  example,  access  time  and 
single-chip  capacity  may  be  strongly  dependent  on  minimum  feature  size.  The 
performance  characteristics  of  all  technologies  tend  to  improve  as  the  designs 
gain  maturity.  These  considerations  make  it  difficult  to  rigidly  specify  the 
performance  limitations  of  any  particular  technology.  However,  it  is  possible  to 
identify  the  typ^c  of  aoplications  for  which  a  certain  technology  is  best  suited  by 
examining  its  demonstrated  and  projected  performance  characteristics. 

The  task  of  determining  the  usefulness  of  GaAs  dynamic  memory  consists, 
then,  of  identifying  the  potential  applications  for  which  it  would  be  best  suited, 
considering  the  competing  technologies,  and  comparing  the  relative  strengths  of 
the  projected  performance  characteristics. 


1.3  Semiconductor  Materials:  Si  Versus  GaAs 

The  choice  of  semiconductor  materials  currently  capable  of  supporting 
large-scale  integrated  circuits  is  limited.  There  are  two  elemental  group  IV 
semiconductors,  Ge  and  Si,  and  a  large  number  of  compound  semiconductors 
consisting  of  elements  from  groups  III  and  V,  e.g.  GaAs,  or  of  elements  from 
groups  II  and  VI,  e.g.  ZnSe.  Of  the  elemental  semiconductors,  silicon’s 
electronic  properties  and  natural  processing  advantages  make  it  obviously  better 
suited  for  large-scale  integration.  Of  the  compound  materials,  the  only  system 
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currently  well-enough  developed  and  researched  for  commercial  production  of 
digital  integrated  circuits  is  GaAs. 

Silicon  is  the  dominant  semiconductor  used  for  integrated  circuits  in 
general,  and  for  memories  in  particular,  because  of  its  mature  fabrication 
procedures  and  the  low  cost  of  very-high-purity  material.  GaAs  wafers  are 
currently  about  twenty-five  times  as  expensive  as  silicon  per-unit-area,  and  the 
size  of  available  wafers  is  limited  to  a  four-inch  diameter  as  compared  with  six- 
or  even  eight-inch  wafers  in  Si.  Defect  densities  tend  to  be  higher  in  GaAs  than 
in  Si  due  to  the  inherent  difiiculties  in  producing  the  more  complicated  crystal- 
lattice  structure  of  GaAs.  In  addition,  GaAs  is  a  poorer  thermal  conductor  than 
Si,  so  removing  heat  produced  by  high-density  circuits  is  more  difficult.  Higher 
defect  densities  and  poorer  thermal  conduction  combine  to  limit  die  sizes  and 
transistor  counts  in  GaAs  to  levels  well  below  those  used  in  some  Si  designs  j3j. 
Finally,  the  lack  of  a  useful  native  oxide  of  GaAs  complicates  both  fabrication 
procedures  and  device  designs. 

GaAs  does  have  some  advantages  over  Si  which  might  make  it  the  material 
of  choice  in  situations  with  extreme  environmental  or  performance  requirements. 
GaAs  has  a  wider  bandgap  than  silicon,  which  can  make  GaAs  circuits  more 
tolerant  of  temperature  extremes.  GaAs  circuits  are,  in  general,  less  susceptible 
to  radiation  damage,  largely  due  to  the  absence  of  devices  dependent  upon 
oxides  [4j.  These  two  factors  make  GaAs  an  attractive  candidate  for  aerospace 
and  military  applications. 

Perhaps  more  importantly,  the  band  structure  of  GaAs  results  in  an 
electronic  effective  mass  which  is  about  fifteen  times  less  than  in  Si.  The  same 
electric  field  accelerates  electrons  faster  in  GaAs  than  it  would  in  Si,  allowing 
transistors  to  switch  faster  for  the  same  power  consumption.  Amother  speed 
advantage  of  GaAs  comes  from  the  availability  of  semi-insulating  GaAs 
substrates  A],  which  reduce  transistor  parasitic  capacitances  and  interconnect 
capacitances.  Maturing  GaAs  circuit  technologies  have  entered  the  VLSI  regime 
and  offer  the  possibility  of  producing  microprocessors  which  could  run  at  clock 
rates  five  times  that  of  the  best  current  Si  designs  |6]. 

Another  feature  which  could  eventually  provide  an  even  larger  speed 
advantage  for  GaAs  over  Si  comes  from  the  fact  that  GaAs  is  nearly  perfectly 
lattice-matched  to  a  wider-bandgap  III- V  compound,  AlAs.  This  allows  epitaxial 
formation  of  atomica'.ly-abrupt  hetero-interfaces  between  GaAs  and  AlAs  or 
between  GaAs  and  the  ternary  compound  AlxGai  x As.  Heteroj unction-based 
field-effect  transistors  have  demonstrated  even  greater  speed-power  performance 
than  conventional  metal-gate  GaAs  FETs  |7).  Hcterojiinctions  also  make  high- 


gain  bipolar  transistors  available  in  GaAs  8|,  presenting  the  possibility  of  GaAs 
imitations  of  silicon's  Ft'L  and  BiCMOS. 


With  the  direct  bandgap  of  GaAs.  the  GaAs-AlAs  material  system  is  also  an 
excellent  choice  for  fabrication  of  light-emitting  diodes  and  lasers.  As  speeds  of 
digital  systems  continue  to  increase,  chip-to-chip  delays  are  becoming  a  more 
serious  limitation.  Also,  the  number  of  pins  required  by  complex  circuits  is 
continually  increasing.  In  the  future,  chip-to-chip  communication  may  be 
accomplished  by  modulated  laser  emission  over  optical  fibers.  Time  multiplexed 
fibers  could  be  used  to  reduce  the  number  of  I/O  lines  required  without 
decreasing  performance. 

Finally,  many  of  the  undesirable  properties  of  GaAs  may  be  eliminated  by 
new  mismatched  epitaxial  growth  techniques  which  allow  growth  of  thin, 
relatively-high-quality  GaAs  layers  on  Si  substrates  [9],  This  approach  allows 
fabrication  of  larger,  more  economical  GaAs  films,  and  provides  the  heat-sinking 
capabilities  of  Si.  GaAs-on-Si  has  shown  rapid  advances,  but  some  difficulties 
still  remain.  Stresses  due  to  the  different  thermal  expansion  coefficients  of  the 
two  materials  limit  the  GaAs  layer  thickness,  resulting  in  higher  parasitic 
capacitances  than  is  found  with  pure  GaAs.  The  stress  levels  currently 
experienced  are  also  too  high  for  fabrication  of  long-lifetime  lasers. 


1.4  Static  Versus  Dynamic  Design 

A  standard  six-transistor  static  memory  cell  uses  two  cross-coupled 
inverters  to  form  a  bistable  latch,  as  shown  in  Figure  1.1  [  1  Oj .  One  stab.'  state 
corresponds  to  a  logic  "i"  and  the  other  to  a  logic  "0".  The  cell  is  static  in  that, 
in  the  absence  of  an  intentional  "write"  sequence,  it  will  remain  in  either  of  its 
stable  states  as  long  as  the  power  supply  is  uninterrupted. 

A  dynamic  design  achieves  higher  integration  density  by  reducing  the 
number  of  cell  elements  from  six  to  two.  A  standard  one-transistor  dynamic 
memory  cell,  shown  in  Figure  1.2,  consists  of  an  access  transistor  an.i  a 
capacitor.  A  logic  "l"  or  a  logic  "o"  is  represented  by  the  presence  or  absence  of 
charge  on  the  capacitor.  Because  leakage  currents  will  cause  the  stored  charge 
to  disappear  over  time,  a  dynamic  cell  must  be  periodically  "refreshed”  by 
reading  and  rewriting  the  device.  To  operate  efficiently,  the  leakage  rate  must 
be  small  enough  so  that  the  refresh  rate  is  very  slow  compared  to  the  operating 
frequency  of  the  dynamic  memory. 

Information  is  writ  ton  to  t  he  dynamic  cell  by  pulling  the  bit  line  either  high 
or  low  and  turning  on  the  access  transistor  momentarily  to  charge  or  discharge 


Figure  1.1  A  six-transistor  enhancement-depletion  static  memory  cell. 


Figure  1.2 


A  on  •’-transistor  dynamic  memory  cell. 
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the  cell  capacitor.  To  write  the  static  cell,  either  the  true  or  complemented  bit 
line  is  pulled  low  while  the  other  is  held  at  an  intermediate  value.  The  access 
transistors  are  then  turned  on,  and  current  flows  through  the  load  device  and 
access  transistor  connected  to  the  low  bit  line.  The  ratio  of  access  transistor 
"on"  conductance  to  load  device  "on"  conductance  must  be  made  large  enough 
so  that  the  gate  of  the  opposite  driver  will  be  brought  below  threshold,  setting 
the  state  of  the  cell. 

To  read  the  dynamic  cell,  the  bit  line  is  precharged  to  a  voltage  value  half 
way  between  the  voltage  of  a  stored  "0"  and  a  stored  "l".  The  access  transistor 
is  then  turned  on,  so  that  capacitive  charge  sharing  occurs  between  the  cell 
capacitor  and  the  "bit  line.  If  the  small  cell  capacitor  is  at  a  low  voltage,  the 
bit-line  voltage  will  decrease  slightly;  if  the  cell  capacitor  is  at  a  high  voltage, 
the  bit-line  voltage  will  increase  slightly.  "Sense-application"  circuitry  must  be 
provided  for  each  bit  line  (each  column  of  the  array)  to  restore  the  small  bit-line 
voltage  swing  to  the  full  voltage  levels  required  to  distinguish  a  logic  "l"  or  a 
logic  "0". 

The  static  memory  cell  could,  in  principle,  pull  the  two  complementary  bit 
lines  all  the  way  to  the  full  logic-level  voltages  during  a  read  cycle  without  sense 
amplification.  In  practice,  however,  sense  amplifiers  are  also  used  in  static 
designs  to  maintain  speed  performance.  This  is  required  because  the  cell’s 
ability  to  source  current  is  limited  due  to  the  necessarily  small  "on"  conductance 
of  the  load  devices.  In  theory,  only  a  single  bit  line  is  needed  to  operate  the 
static  cell,  but  in  practice  reliable  full-speed  operation  requires  the  two 
complementary  lines. 

Both  static  and  dynamic  memories  can  suffer  "single-event  upsets"  or  "soft 
errors"  due  to  ionizing  radiation.  In  the  case  of  the  dynamic  cell,  free  carriers 
created  by  ionizing  radiation  can  be  collected  directly  by  the  cell’s  storage 
capacitor,  upsetting  the  stored  charge.  In  the  static  cell,  carriers  can  be 
collected  by  the  parasitic  capacitance  of  the  driver  transistor’s  gate,  possibly 
causing  switching  of  the  cell’s  state.  In  both  static  and  dynamic  designs,  soft 
errors  can  occur  because  of  radiation  striking  bit  lines  or  sense  amplifiers. 
Several  techniques  have  been  suggested  and  employed  to  reduce  radiation- 
induced  soft-error  rates  in  both  dynamic  and  static  memories.  It  is  difficult  to 
definitely  identify  whether  static  or  dynamic  approaches  have  an  inherent 
advantage  in  soft-error  immunity.  It  is  well  established,  however,  that  soft-error 
rates  increase  in  all  designs  as  cell  dimensions  are  reduced. 

Both  dynamic  and  static  memory  cells  also  have  upper  limits  on 
performance  with  .  .  ect  to  temperature.  Leakage  currents  in  dynamic 
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memories  are  usually  thermally  activated;  that  is,  the  leakage  rate  increases 
exponentially  with  temperature.  Thus  if  the  refresh  rate  is  held  constant,  at 
some  temperature  insufficient  charge  will  remain  in  the  storage  capacitors  at  the 
end  of  a  cycle,  and  the  stored  information  will  be  lost.  Temperature-induced 
failure  mechanisms  in  static  memories  are  more  complicated,  involving 
increasing  subthreshold  currents  in  the  access  transistors  and  drivers  [11].  For 
both  approaches,  observed  temperature  limitations  are  largely  dependent  on 
design  details  such  as  transistor  type  choices,  noise  margins,  and  cell  size.  As 
with  radiation-induced  soft-error  rates,  it  is  not  clear  that  static  or  dynamic 
designs  are  inherently  superior  with  respect  to  operating  temperature 
limitations. 

Power  dissipation-per-bit  in  static  memories  varies  widely  depending  on  the 
type  of  transistors  chosen  to  implement  the  cell.  The  static  cell  shown  in  Figure 
1.1  is  implemented  with  enhancement  and  depletion  transistors  in  direct-coupled 
FET  logic  (E/D  DCFL).  This  design  might  be  used  in  GaAs  or  silicon  NMOS. 
One  of  the  two  drivers  is  always  turned  on,  so  current  is  continually  being 
drawn  from  the  power  supply  through  the  associated  load  device.  Power 
dissipation  can  be  reduced  at  the  expense  of  switching  speed  by  replacing  the 
depletion  load  devices  with  very  large  resistors.  Power  dissipation  in  the  storage 
state  can  be  virtually  eliminated  by  using  complementary  logic,  that  is, 
replacing  the  load  devices  with  P-channel  FETs.  In  a  complementary  cell,  all 
six  transistors  are  turned  off  during  storage,  and  significant  power  dissipation 
occurs  only  when  the  cell  changes  state. 

The  dynamic  cell  can  achieve  the  same  low-power  performance  of 
complementary  static  cells  .vithout  the  need  for  a  P-channel  FET.  If  the  access 
transistor  is  enhancement  mode,  then  the  word  line  is  held  at  ground  during  the 
storage  state,  and  the  dynamic  cell  dissipates  almost  zero  power.  Even  with  a 
depletion-mode  access  device,  the  power  dissipation  of  the  dynamic  cell  comes 
only  from  the  gate  leakage  of  the  access  transistor.  Dynamic  memories  can  then 
be  expected  to  have  a  large  power  dissipation  advantage  over  static  designs  in 
situations  where  complementary  logic  is  not  available,  such  as  in  GaAs  MESFET 
logic. 


J.5  Reported  Performance  of  Memory  Implementation  Technologies 

Section  I.!  ii  led  su'  ■-pecific  performance  characteristics  for  integrated- 
< • : r < •  1 1 i t  memory  technologies;  operating  temperature  range,  radiation  hardness, 
access  time,  single-chip  capacity,  power-dissipation-per-bit,  and  cosi-per-bit. 
!(;<■  first  two  efin  rarl  eri.s!  ic.s,  operating  temperature  range  and  radiation 
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hardness,  usually  influence  technology  choices  only  when  an  unusually  severe 
operating  environment  is  expected.  All  of  the  technologies  considered  are 
capable  of  performing  over  the  commercial  operating  temperature  range  of  0° 
to  85  °  C.  All  of  the  technologies  are  also  assumed  to  be  capable  of  withstanding 
normal  ground-level  radiation  doses.  In  general,  any  technology  can  be 
redesigned  at  the  device,  circuit,  and  packaging  levels  to  extend  both  its 
operating  temperature  range  and  its  radiation  hardness,  possibly  at  the  expense 
of  a  small  reduction  in  its  other  performance  characteristics.  For  these  reasons, 
radiation  hardness  and  operating  temperature  range  will  not  be  considered 
further,  except  to  repeat  the  general  statements  made  in  Section  1.4. 
Technologies  not  dependent  on  oxides,  such  as  MESFET  and  bipolar,  have  an 
intrinsic  radiation  hardness  advantage  over  MOS,  and  wider-bandgap 
semiconductors  have  an  intrinsic  advantage  in  operating  temperature  range,  all 
other  factors  being  equal. 

The  four  remaining  performance  characteristics  are  intimately  related. 
Power-dissipation-per-bit  and  cost-per-bit  decrease  for  any  given  technology  as 
single-chip  capacity  increases.  Similarly,  access  times  tend  to  increase  with 
single-chip  capacity.  Basically,  integrated  circuit  memory  applications  can  be 
divided  into  two  areas:  high  performance  and  high  efficiency.  The  high- 
performance  area  emphasizes  minimum  access  time  for  very-high-speed 
computers,  image  processors,  and  other  real  time  applications.  The  high- 
efficiency  area  demands  minimum  cost-per-bit  for  high-volume,  nou-speed- 
critical  applications  such  as  main  memories.  The  minimum-access-time 
requirement  means  that  the  high-performance  area  occupies  the  low  end  of  the 
single-chip  capacity  spectrum.  The  high-efficiency  area  is  at  the  high  end  of  the 
single-chip  capacity  spectrum  where  minimum  cost-per-bit  is  achieved. 
Presently  the  dividing  line  between  the  two  areas  is  roughly  between  256  Kb 
and  1  Mb  single-chip  capacities. 

The  high-efficiency  area  is  impenetrably  dominated  by  silicon  MOS  designs. 
Silicon  bipolar  cannot  achieve  the  ultra-high  chip  capacities  because  of  power 
dissipation  limitations,  and  even  if  it  could,  the  added  complexity  of  bipolar 
fabrication  means  that  it  cannot  compete  on  a  cost-per-bit  basis  with  MOS. 
Similarly,  GaAs  static  memories  cannot  produce  extremely  high  single-chip 
capacities  due  to  cell-size  and  power-dissipation  limitations.  Even  if  dynamic 
designs  were  able  to  overcome  the  cell-size  and  power-dissipation  limitations, 
GaAs  DRAMs  cannot  compete  with  their  Si  counterparts  in  the  high-efficiency 
area  because  of  the  large  difference  in  the  cost  of  the  materials.  For  these 
reasons,  the  rest  of  this  discussion  will  focus  only  on  the  high-performance  area. 
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Figure  1.3  gives  a  summary  of  the  access-time  and  singie-chip-capacity 
performances  reported  in  the  last  few  years  for  several  different  memory 
technologies,  in  the  high-performance  area.  The  vertical  axis  represents  access 
time  and  the  horizontal  axis  represents  single-chip  capacity,  so  the  optimum 
performances  are  at  the  lower  right  area  of  the  graph.  The  scatter  in  the  data 
for  any  given  technology  represents  the  effects  of  continuing  performance 
improvements  as  the  technology  matures.  The  figure  indicates  the  general 
characteristics  of  the  various  implementation  technologies.  Bipolar  Si  ECL  can 
provide  very  short  access  times  at  relatively  limited  capacity.  Si  static  MOS  is 
just  beginning  to  enter  the  high-performance  area  at  the  upper  limits  of  both 
single-chip  capacity  and  access  time.  Si  BiCMOS  bridges  the  gap  between  all- 
bipolar  ECL  and  all-MOS  designs,  providing  fairly  high  single-chip  capacities 
and  fairly  short  access  times.  All  of  the  GaAs  memories  pictured  are,  of  course, 
static  designs.  In  general  they  compete  with  Si  ECL  at  the  extreme  high-speed, 
low-capacity  end  of  the  scale. 


1.6  Projected  Performance  of  GaAs  DRAMs 

To  determine  where  dynamic  memories  in  GaAs  might  appear  on  the 
speed-capacity  plot  of  Figure  1.3.  it  is  interesting  to  consider  the  relationship  of 
static  and  dynamic  memories  in  Si.  The  Si  dynamic  memories  reported  in  the 
same  years  lie  outside  the  range  of  the  figure.  They  are  in  the  high-efficiency 
area  above  and  to  the  right  of  the  Si  SRAMs,  having  capacities  of  4  and  16  Mb 
and  access  times  greater  than  50  ns.  Similarly,  GaAs  DRAMs  can  be  expected 
to  have  performances  placing  them  to  the  right  and  slightly  above  the  GaAs 
SRAM  designs.  However,  competition  from  other  technologies  in  the  high- 
performance  area  limits  the  increase  in  access  time  that  can  be  tolerated  going 
from  static  to  dynamic  design  in  GaAs.  A  reasonable  window  for  the  targeted 
performance  of  GaAs  DRAMs  using  current  technology  is  then  represented  by 
the  dashed  region  in  Figure  1.3.  The  window  extends  from  about  3  ns  at  16  Kb 
to  5  ns  at  256  Kb.  It  is  an  increasingly  important  performance  region  because 
very-high-speed  processors  are  requiring  larger  and  larger  cache  memories,  which 
are  awkward  to  construct  with  only  1  and  1  Kb  capacity  chips. 

There  is  already  a  reported  performance  point  for  Si  ECL  within  that 
window  at  3  ns.  32  Kb,  and  others  are  not  far  away.  Maturing  GaAs  static 
designs  .are  also  a  in  rig  toward  16  and  6-1  Kb.  It  is  apparent  that  GaAs 
DRAM-  cannot  depend  < -a  establishing  a  speed-capacity  region  which  is-  no! 
attainable  by  competing  i  ecii  noiogie,.  as  i  the  i-;w  with  Si  DRAMs.  i  or  <  >a.\s 
dynamic  memories  to  find  applications,  they  must  have  other  distinguishing 
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Survey  of  access-time  versus  single-chip  capacity  for  high- 
performance  SRAMs  reported  between  1985  and  1988. 
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performance  characteristics  which  make  them  more  attractive  than  their 
competitors,  namely  Si  ECL  and  BiCMOS  and  GaAs  static  memories. 

When  comparing  GaAs  dynamic  memories  to  static  designs,  one  advantage 
of  dynamic  designs  comes  from  the  possibility  of  greatly  reduced  power- 
dissipation-per-bit  in  the  storage  state,  as  was  mentioned  at  the  end  of  Section 
1.4.  Complementary  GaAs  MESFET  technology  is  not  available,  and 
enhancement-depletion  static  cells  dissipate  considerably  more  power  than 
enhancement-accessed  dynamic  cells.  Complementary  JFET  logic  is  available  in 
GaAs,  but  it  carries  a  large  speed  penalty,  as  is  illustrated  by  the  16  Kb,  22  ns 
data  point  in  Figure  1.3.  Projected  minimum  cell  sizes  of  dynamic  and  static 
designs  are  comparable,  taking  into  account  the  continued  shrinking  of 
lithographic  tolerances,  so  maximum  single-chip  capacity  may  be  largely 
determined  by  power-dissipation  limitations. 

In  comparing  GaAs  dynamic  memory  with  all-bipolar  Si  SRAMs,  the 
reduced  power  consumption  of  the  GaAs  DRAM  is  also  an  advantage.  Si 
BiCMOS  designs  largely  overcome  the  ECL  power  dissipation  problems, 
however.  The  major  advantage  of  GaAs  DRAMs  over  Si  BiCMOS  designs  is  the 
natural  compatibility  of  a  GaAs  DRAM  with  GaAs  processors.  GaAs-tc-ECL 
interfaces  are  feasible  [12],  but  they  are  an  awkward  detail  which  could  be 
avoided  by  mating  GaAs  processors  to  GaAs  memories,  or  by  using  Si  ECL 
processors  with  Si  bipolar  memories.  Whether  or  not  this  processor- 
compatibility  factor  actually  provides  an  advantage  for  GaAs  DRAMs  depends 
strongly  on  the  continued  development  of  GaAs  CPUs. 

Finally,  it  should  be  realized  that  this  is  a  relatively  short-term  analysis. 
The  ultimate  capabilities  of  GaAs  DRAMs  will  be  determined  by  design  features 
which  are  currently  being  investigated.  BiCMOS  analogies  in  GaAs  may 
significantly  improve  the  performance  characteristics  of  both  GaAs  SRAMs  and 
DRAMs.  Bipolar  and  MODFET  access  of  GaAs  dynamic  memory  cells  are  both 
being  researched.  Three-dimensional  integration  techniques  may  significantly 
reduce  GaAs  DRAM  cell  sizes,  offering  improvements  in  both  access-time  and 
single-chip  capacity.  The  digital  integrated-circuit  technology  picture  changes 
very  rapidly.  Development  of  a  dynamic  memory  for  GaAs  offers  an  additional 
option  to  the  designers  of  future  generations  of  ultra-high-performance  digital 
systems. 
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CHAPTER  2 

GaAs  STORAGE  CAPACITOR  IMPLEMENTATION 


2.1  Minority-Carrier  Devices 

Standard  dynamic  memory  cell  designs  used  in  Si  cannot  be  directly 
implemented  in  GaAs  because  they  rely  on  the  excellent  electrical  characteristics 
of  the  Si— Si02  interface.  Most  silicon  dynamic  memories  are  designed  so  that  a 
logic  "0"  or  a  logic  "l"  is  represented  by  the  presence  or  absence  of  charge  on  an 
MOS  capacitor,  as  indicated  in  Figure  2.1.  The  capacitor  plate  is  held  at  a 
voltage  which  would  result  in  the  formation  of  a  minority-carrier  inversion  layer 
in  equilibrium.  The  equilibrium  full-inversion-layer  state  corresponds  to  a  logic 
”0".  To  produce  a  logic  "l",  the  inversion  layer  is  drained  off  through  an  access 
transistor,  producing  a  non-equilibrium  deep-depletion  state  in  the  capacitor. 
The  storage  time  in  such  a  design  is  determined  by  the  rate  at  which  generation 
of  electron-hole  pairs  transforms  the  non-equilibrium  logic  ”l"  back  into  a  logic 
"0".  A  very  low  interface-state  density  is  essential  to  yield  a  generation  rate  low 
enough  to  allow  useful  storage  times. 

The  difficulty  encountered  in  trying  to  directly  transfer  such  a  design  to 
GaAs  is  that  the  native  oxides  of  GaAs  are  inadequate  for  use  as  the  capacitor 
dielectric  due  to  their  poor  qualities  as  insulators  [13] .  Other  dielectrics  such  as 
Si02  or  Si3N4  can  be  deposited  on  GaAs,  but  the  resulting  MIS  structures  do 
not  exhibit  the  desired  inversion/deep-depletion  characteristics  [14].  This  is 
because  the  high  density  of  surface  states  on  the  GaAs  surface  effectively  pins 
the  Fermi  level  at  the  surface,  preventing  modulation  of  the  minority-carrier 
charge  densities  by  the  metal  electrode  [15].  In  order  to  produce  a  MIS 
capacitor  useful  for  minority-carrier-based  dynamic  memories  in  GaAs,  a  surface 
preparation  technique  capable  of  reducing  surface-state  densities  would  be 
required  before  deposition  of  the  dielectric.  Photochemical  [16]  and  chemical 
treatments  [17-18]  have  been  used  to  alter  the  GaAs  surface-state  density,  but 
the  beneficial  effects  of  these  treatments  disappear  as  the  surface  ages.  A  recent 
(NFI^S  passivation  technique  has  been  shown  to  increase  the  sensitivity  of 
GaAs  Schottky  barrier  heights  to  metal  workfunctions  [19],  indicating  at  least 
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partial  unpinning  of  the  surface  Fermi  level.  Although  this  (NH4)2S  treatment 
does  not  appear  to  suffer  from  aging  effects  when  protected  by  a  metal  layer, 
calculation  of  the  reduced  surface-state  density  yields  a  number  high  enough  to 
interfere  with  operation  as  a  normal  MIS  capacitor,  and  compatibility  with  an 
available  dielectric  has  not  yet  been  demonstrated. 

Another  alternative  is  to  replace  the  oxide  with  a  lattice-matched  wider- 
bandgap  semiconductor  such  as  AlGaAs  or  AlAs  [20-22] .  The  interface-state 
densities  at  such  heterojunctions  are  very  low  compared  to  the  free-surface  trap 
density  23].  Unfortunately,  the  electrostatic  barrier  confining  the  minority- 
carrier  inversion  layer  at  the  heterojunction  is  very  small  compared  to  the 
Si  — SiOo  barrier,  and  thermionic  emission  limits  the  storage  time.  Such 
heterojunction-capacitor  minority-carrier  cells  could  provide  a  GaAs  dynamic 
memory  for  liquid-nitrogen-temperature  operation,  but  for  room-temperature 
operation  and  above,  another  approach  is  needed.  A  GaAs  floating-gate  device 
using  ALAs  barriers  has  been  reported  with  room-temperature  storage  times  of  a 
few  seconds  [24].  The  explanation  given  for  the  long  storage  times  is  that  the 
direct-to-indirect  bandgap  transition  required  for  emission  of  electrons  from 
GaAs  to  AlAs  suppresses  emission  probabilities  sufficiently  to  offset  the  low 
barrier  height.  This  explanation  is  in  direct  conflict  with  subsequent 
experimental  and  theoretical  demonstrations  [25],  indicating  that  the  long 
storage  times  are  probably  due  to  carriers  trapped  at  defect  sites  in  the  AlAs. 

A  current  research  topic  is  the  use  of  slightly  mismatched  (poeudomorphic) 
materials  as  insulators  for  GaAs  MTS  structures.  Pseudomorphic  zinc 
selenide/N-GaAs  capacitors  have  demonstrated  accumulation-depletion-inversion 
behavior,  but  the  small  conduction-band  discontinuity  prevents  electron 
inversion  layer  formation  in  ZnSe/P-GaAs  samples  [26].  Another  approach  uses 
a  very  thin  pseudomorphic  silicon  layer  to  passivate  the  GaAs  surface  before 
deposition  of  Si02  as  an  insulator  [27].  This  technique  has  produced  both 
electron  and  hole  inversion  layers,  with  a  reported  storage  time  of  four  minutes 
at  room  temperature  for  devices  using  holes  as  minority  carriers.  However,  the 
capacitance-voltage  characteristics  show  hysteresis  corresponding  to  an 
interface-state  density  of  1012/crr2,  and  attempts  to  fabricate  inversion-mode 
transistors  have  so  far  been  unsuccessful. 


2.2  PN-Junction  Capacitors 

Because  of  the  described  difficulties  in  producing  deep-depletion  MIS 
capacitors  in  GaAs,  other  possible  implementations  of  the  dynamic  memory 
storage  capacitor  must  be  considered.  The  tw'o  most  critical  requirements  for 
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the  capacitor  in  a  dynamic  memory  are  sufficiently  long  storage  time  over  the 
intended  range  of  operating  temperatures  and  large  capacity  per-unit-area.  One 
candidate  solution  which  appears  to  satisfy  both  requirements  is  the  replacement 
of  the  MIS  capacitor  with  the  capacitance  of  a  PN  junction.  For  example, 
consider  a  PN  junction  with  the  P  region  grounded  and  the  N  region  floating,  as 
indicated  in  Figure  2.2.  The  logic  "0"  state  of  the  capacitor  consists  of  zero 
voltage  across  the  junction,  with  the  depletion  region  at  its  equilibrium  width. 
The  non-equilibrium  logic  "l"  state  is  produced  by  removing  majority-carrier 
electrons  from  the  floating  N  region,  creating  a  reverse  bias  across  the  junction 
and  widening  the  depletion  region. 


2.2.1  Charge-Storage  Density 

The  charge  stored  on  the  PN-junction  capacitor  in  the  logic  "l"  state  is 
defined  as  the  ionized  dopant  sites  uncovered  on  either  side  of  the  junction  by 
the  widening  depletion  region: 

Q  =  qNA(xp  -  xr0)  =  qND(xn  -  xn0)  (2-ll 


where  Q  is  the  charge  storage  density  per-unit-area,  q  is  the  electronic  charge, 
Na  and  Np  are  the  acceptor  and  donor  doping  densities  in  cm”3,  and  xp,  xn, 
xp0,  and  xn0  are  depletion  widths  defined  in  Figure  2.3. 


Applying  the  depletion  approximation  and  Gauss’s  law  to  a  uniformly- 
doped  one-dimensional  PN  junction  yields: 


xn0  = 


2e 


N, 


q  Np(NA  +  ND) 


-v 


hi 


'2.2' 


where  e  is  the  dielectric  constant  and  Vbi  is  the  built-in  potential  of  the 
junction.  The  expression  for  xp0  is  obtained  from  equation  2.2  by  interchanging 
NA  and  Np,  and  xD  and  xp  are  obtained  from  xn0  and  xpo  by  replacing  Vbj  by 
Vbi  +  VR|  where  VR  is  the  applied  reverse-bias  voltage.  For  non-degenerately 
doped  material, 


Vbi 


NTp 

ni 


+  In 


Na 

n, 


where  k  is  Boltzmann's  constant.  T  is  absolute  temperature,  and  n,  is  the 
intrinsic  carrier  concentration. 

The  built-in  potcnti.il  can  be  expressed  for  both  degenerately  and  non- 
degenerately  doped  material  by: 
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Vb,  =  —(Eg  +  r)a  4-  ijp)  [2.4] 

q 

where  Eg  is  the  bandgap  of  the  material,  and  [28]: 

7  _  ln  u  |  _ (3V7  u/4)^'3  _  j25, 

1  -  u2  1  +  [0.24  +  1.08(3Vjr"  u/4)2/3]"2  1  ’  J 

To  calculate  ?/n,  let  u  =  Np/Nc,  and  to  calculate  r/p,  let  u  =  NA/Ny;  where  Nc 
and  Ny  are  the  effective  densities  of  states  in  the  conduction  and  valence  bands. 

The  charge  density  per-unit-area  stored  on  a  reverse-biased  GaAs  PN 
junction  is  plotted  in  Figure  2.4  as  a  function  of  applied  bias  and  doping  level. 
The  maximum  charge  density  which  can  be  stored  on  a  junction  is  limited  by 
breakdown  due  to  avalanching  or  tunneling.  Ideal  planar  diodes  in  GaAs 
require  a  charge  density  greater  than  5  fC/pm2  to  cause  breakdown,  but  this 
limit  will  not  be  reached  for  achievable  doping  densities  using  the  small  voltages 
employed  in  GaAs  digital  logic.  A  more  conservative  estimate  for  heavily- 
doped-diode  charge  storage  density  at  GaAs  voltage  levels  is  2—3  fC/pm2.  This 
is  an  order  of  magnitude  lower  than  the  theoretical  maximum  charge  density 
achievable  in  silicon  MOS  capacitors  [29],  but  it  is  comparable  to  charge 
densities  actually  obtained  in  planar  Si  cell  designs  [30j. 

2.2.2  Storage  Time 

A  logic  l"  is  stored  on  a  PN-j unction  capacitor  by  removing  electrons  from 
the  floating  N  region,  charging  it  to  some  positive  potential.  The  storage  time  is 
determined  by  the  rate  at  which  the  diode  leakage  currents  resupply  the  missing 
electrons  to  the  N  region.  Leakage  currents  in  reverse-bias  PN  junctions  are 
caused  by  generation  of  electron-hole  pairs  which  separate  into  a  free  electron  in 
the  conduction  band  and  a  hole  in  the  valence  band.  To  contribute  to  the 
leakage  current,  the  electron  must  make  its  way  to  the  N  side  and  the  hole  must 
get  to  the  F  side.  Carriers  generated  within  the  depletion  region  move  to  their 
respective  destinations  by  drifting  in  the  electric  field.  Minority-carrier  electrons 
generated  in  the  neutral  P  region  first  diffuse  to  the  depletion-region  edge  before 
being  swept  to  the  N  side  by  the  electric  field.  Similarly,  minority-carrier  holes 
generated  in  the  neutral  N  region  first  diffuse  and  then  drift  to  the  P  side.  In 
this  discussion,  the  current  due  to  carriers  generated  within  the  depletion  region 
will  be  referred  to  as  depletion  current.  The  current  due  to  carriers  generated 
outside  the  depletive  edges  will  be  referred  to  as  diffusion  current.  Both  the 
depletion  current  and  the  diffusion  current  will  have  components  due  to 
generation  in  the  bulk  of  the  device  and  at  the  perimeter. 


1  he  following  ^ut  •■(•lions  develop  expressions  for  Uie  four  components  of 
the  leakage  current.  (leneration  of  electron-hole  pairs  under  reverse-bias 
conditions  occurs  due  to  three  mechanisms:  thermal  generation,  generation  due 
to  radiation,  and  generation  due  to  impact  ionization.  It  is  assumed  that 
dynamic  memory  cells  using  1  ’ N-junction  storage  capacitors  will  be  designed  to 
employ  electric  fields  small  enough  to  prevent  impact  ionization.  Then,  in  the 
absence  of  light  or  radiation  from  other  sources,  the  generation  rate  will  be 
dominated  bv  thermal  generation  through  recombination-generation  centers. 
S hoc k ley- Read- 1  fall  theory  31  provides  an  expression  for  the  generation  rate  in 
terms  of  carrier  concentrations  and  ICC  center  parameters.  It  is  necessary  to 
know  the  positions  of  the  band  edges  with  respect  to  the  quasi— Fermi  levels  in 
order  to  determine  the  carrier  concentrations  as  a  function  of  position.  The 
familiar  solution  for  the  band  edge  positions  in  the  bulk  was  discussed  in  Section 
2.2.1  and  illustrated  in  Figure  2.3.  Section  2. 2. 2. 3  will  present  a  method  for 
approximating  the  positions  of  the  band  edges  along  the  surfaces  which  form  the 
perimeter  of  the  junction. 


2.2.2. 1  Hulk  Depletion  Current 

Hulk  generation  is  typically  characterized  by  generation  through  distinct 
trap  levels  that  are  separated  spatially  and  in  energy.  Under  these  conditions, 
the  generation  rate  due  to  ICC  centers  at  a  single  energy  level  is  given  by: 


C, 


np 


■’pin  +  n, )  +  rn(p  +  Pl) 
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cm  s 
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where  n  and  p  are  the  electron  and  hole  concentrations,  rn  and  rp  are  the 
generation  lifetimes  for  electrons  and  holes,  and  n j  and  P]  are  parameters  which 
depend  on  the  energy  level  of  the  ICC  center: 

(Er-E,)/kT 
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where  lvj,  is  the  energy  level  of  the  traps.  The  carrier  concentrations  are 
specified  by  the  posit',,,;,.,  of  the.  quasi -Fermi  levels,  l'\  and  F]>: 
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2.1  1 


liquation  2.11  assumes  that  the  quasi-Fermi  levels  remain  constant  across  the 


depletion  region  so  that  is  the  reverse  bias  applied  to  the  junction. 

Substituting  equations  2.7  through  2.11  into  equation  2.6  yields: 


Gr  = 


(1  —  e_qVR/kT)n, 

)(e(ET-E,,AT  +e(F,-E.)/kT)  + 


e(E.-F,)/kTj 


For  any  appreciable  reverse  bias,  e  qV(</,lcT  <<^  i(  and  may  be  neglected.  The 
denominator  rapidly  becomes  large  and  reduces  the  generation  rate  for  Fjv  >  Ep 
or  Fp  <  Ep.  The  generation  rate  is  taken  to  be  zero  outside  the  generation 
width,  WGb,  defined  as  the  region  within  which  Fp  >  Ex  >  F^-  Inside  Wqb, 
the  exponential  terms  involving  the  quasi-Fermi  levels  are  negligible,  and: 


Gb  =  — —  ehp/< 

Tn 


t  'i 

cm  s 


where: 


(E-r-EJ/kT  ,  (Ej  -  ET)/kT 
rG  =  V  +  rney  i;/ 


Note  that  for  generation  due  to  traps  located  close  to  mid-gap,  the  generation 
width  is  the  region  in  which  E,  lies  between  F n  and  Fp  as  shown  in  Figure  2.3, 
and: 

rG  =  rp  +  Tn  I2-15) 

Figure  2.5  illustrates  the  generation-width  approximation.  The  solid  curve 
indicates  the  generation  rate  calculated  from  equation  2.12,  while  the  dashed 
rectangle  represents  the  use  of  equation  2.13.  Using  the  generation-width 
approximation,  the  bulk  depletion  current  becomes: 

iBDepl  =  qAWGB—  [2.16] 


2. 2. 2. 2  Bulk  Diffusion  Current 

The  bulk  diffusion  current  is  described  by  the  ideal  diode  equation  [32]: 

iBDiff  =  qA  ~^np0  +  PnO  (1  -  e~qVR/kT)  [2.17] 

where  D\,  L\,  1)P,  and  Lp  are  the  diffusion  coefficients  and  diffusion  lengths  for 
electrons  and  holes  A.  :  the  junction  area,  and  np0  and  pn0  are  the  equilibrium 
minority-carrier  densities  for  electrons  in  P-t.ype  material  and  for  holes  in  the 
N-type  material.  Equation  2.17  is  derived  by  assuming  low-level  injection 
conditions  and  solving  the  minority-carrier  diffusion  equation  in  the  neutral 
regions.  For  example,  on  the  P  side, 


Distance  ((am) 


Calculated  bulk  depletion  current  density.  The  solid  curve 
represents  the  full  calculation  from  equation  2.12.  The  dashed 
rectangle  represents  the  generation-width  approximation  of 
equation  2.13.  Parameters:  NA  =  Np  =  1017cm  3,  VR  =  0.5V, 


np(x)  =  np0  +  Anp 
Pp(x)  =  ppo  +  Anp  =  PpO 
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12.18) 


[2.19] 
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[2.20] 


Substituting  expressions  2.18  and  2.19  into  2.6  and  ignoring  negligible  terms 
shows  that  the  generation  rate  in  the  neutral  region  should  be  proportional  to 
the  change  in  the  minority-carrier  density: 

—  — AnD 

Gb  = - [2.21] 

rn 

Substituting  equation  2.21  into  2.20  and  solving  yields: 

Anp(x)  =  np0(e-qVR/kT  -  l)e~x/L°  [2.22] 

where  the  diffusion  length,  Ln,  is  defined  by: 

Ln  =  Vd^“  [2.23] 

Equation  2.22  assumes  the  usual  "long-base  diode"  boundary  conditions: 

Anp(0)  =  np0(e'qVR/kT  -  1)  [2.24] 

Anp(oo)  =  0  [2.25] 

where  x  =  0  is  chosen  to  be  the  depletion  region  edge  on  the  P  side,  with  x 
increasing  away  from  i.he  junction.  Finally,  the  current  is  entirely  due  to 
diffusion  so: 


=  qDn 


dAnp 

dx 


[2.26 


All  the  electrons  reaching  the  depletion  region  are  assumed  to  make  it  across  to 
the  N  side,  so  equation  2.26  is  evaluated  at  x  =  0: 


Jn 


[2.27  i 


Equation  2.27  and  the  complementary  equation  due  to  holes  diffusing  to  the 
depletion  edge  on  the  N  side  combine  to  yield  equation  2.17. 

In  GaAs,  the  bulk  diffusion  current  is  negligibly  small  because  the 
minority-carrier  densities  are  so  low: 
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[2.29] 


At  room  temperature,  iij 2  =  3><1012cm_6,  while  the  lowest  achievable  doping 
densities  are  approximately  1014cm-3.  Because  there  are  essentially  zero 
minority  carriers  in  equilibrium,  reverse  biasing  the  junction  can  produce  no 
minority-carrier  concentration  gradient  in  the  neutral  bulk,  and  the  bulk 
diffusion  current  may  be  ignored. 


2. 2. 2. 3  Perimeter  Depletion  Current 

The  perimeter  of  a  semiconductor  device  is  characterized  by  a  distribution 
of  traps  which  is  essentially  continuous  in  energy,  so  that  computing  the 
generation  rate  requires  integration  of  contributions  from  all  energies  from 
valence  band  to  conduction  band: 


Ec 


GP  -  / 


Hi  -  nsPs 


Ev  (nS  “I”  nls)/cps  “t"  (Ps  Pls)/CE 


-DjT(E)dE  (ehp/cm2s)  [2.30] 


where  n3  and  ps  are  the  carrier  concentrations  evaluated  at  the  surface  that 
defines  the  junction’s  perimeter.  Dit(E)  is  the  density  of  R-G  centers  at  the 
surface  in  (cm2eV)-1,  and  cn3  and  cps  are  the  capture  coefficients  for  electron 
and  hole  traps  at  the  surface  in  cm3/s.  The  surface  carrier  concentrations  are 
determined  by  equations  analogous  to  2.9  and  2.10: 


ns=nie<F»-Ei>/kT 

[2.31] 

(E,  -  Frt)/kT 

Ps  =  Die' 

[2.32] 

where  Fps  and  F^s  represent  the  quasi-Fermi  levels  at  the  surface. 

Using  equations  2.31  and  2.32  requires  solving  for  the  positions  of  the  band 
edges  with  respect  to  the  quasi-Fermi  levels  at  the  surface.  Rigorously,  this 
means  solving  the  two-dimensional  Poisson  equation  consistently  with  a  variable 
interface  charge.  The  problem  can  be  treated  approximately  by  solving  one¬ 
dimensional  Poisson  equations  normal  to  the  surface  [33]. 

For  example,  first  consider  the  simpler  case  of  calculating  the  positions  of 
the  band  edges  with  respect  to  the  Fermi  level  at  the  surface  of  a  uniformly- 
doped  i\-type  region  in  equilibrium.  The  density  of  electrons  occupying 
interface  states  is  given  by: 


[2.33 


nT  ~  q  /  fx(E,Ejr)D]7(E)dE  (cm 
Eys 


where  fx(E,Ep)  Is  the  probability  of  occupancy  for  a  surface  state  with  energy 
E.  To  maintain  charge  neutrality,  the  surface  charge  must  balance  the  charge 
in  the  bulk,  which  is  assumed  to  be  depleted  to  a  depth  y^: 

qNDyN  =  q(nx  —  nxiq)  i2-34] 

where  nxN  13  the  trapped-electron  density  required  to  make  the  surface  neutral. 
The  left  term  of  equation  2.34  represent;  the  bulk  depletion  charge,  balanced  by 
the  surface  charge  on  the  right.  As  indicated  in  Figure  2.6,  Poisson’s  equation 
requires: 


qND 

~ 2c~ 


TN 


Ecs  ~  Ecb 


q 


[2.35] 


where  Ecb  is  the  position  of  the  conduction  band  edge  in  the  neutral  bulk.  Ecb 
is  fixed  with  respect  to  the  Fermi  level  by  the  doping  through  equation  2.9.  The 
position  of  Ecs  with  respect  to  the  Fermi  level  controls  fx(E,Ep).  For  specified 
Dix(E),  nxNi  and  fx(E,Ep),  there  is  a  unique  solution  to  equations  2.34  and  2.35 
for  ECs- 


To  apply  this  technique  to  solve  for  the  band  edge  positions  where  a  PN 
junction  intersects  the  surface,  the  following  additional  assumptions  are 
imposed: 

1)  The  surface  generation  velocity  is  small  enough  so  that  the  majority- 
carrier  quasi-Fermi  levels  do  not  bend  significantly  normal  to  the  surface 
in  regions  in  which  the  majority-carrier  concentration  at  the  surface 
exceeds  the  intrinsic  concentration. 

2)  The  effect  of  electric  fields  parallel  to  the  surface  on  the  one- 
dimensional  Poisson  solutions  normal  to  the  surface  is  ignored.  This  is 
equivalent  to  assuming  that  the  electric  field  due  to  ionized  dopants 
within  the  distance  yN  from  the  surface  is  entirely  terminated  by  surface 
charge. 

3)  The  neutral  energy  level,  F\ ,  defined  by: 


!■: . 

»tn  /  i->rr(E)dE  2.36 

K, 

is  riot  far  from  mid-gap. 

Assumption  1  means  that  the  positions  of  the  majority-carrier  quasi-Fermi 
levels  at  the  surface  are  fixed  ny  the  applied  reverse  bias,  just  as  in  the  bulk. 
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This  assumption  can  be  checked  after  the  solution  is  complete  by  calculating 
the  surface  generation  current  density,  which  sets  the  maximum  bending  of  the 
quasi-Fermi  levels  normal  to  the  surface.  The  second  assumption  technically 
violates  the  two-dimensional  Poisson  equation,  but  under  the  condition  specified 
by  assumption  3,  the  band  bending  normal  to  the  surface  will  be  shown  to  be 
small  in  the  critical  region  close  to  the  junction. 

The  probability  of  occupancy  function  for  surface  states  is  derived  from 
Shockley-Read-Hall  theory  by  requiring  the  steady-state  electron  and  hole 
generation  rate  to  balance: 


Cn  -  ennT  ~  cnQaPT  =  (en  —  cnns(1  ~  fx))Dix(E) 


Gp  =  eppT  -  cpp3nT  =  (ep(l  -  fT)  -  cppsfT)DIT(E)  [2.38) 

where  en,  ep,  cn,  and  cp  are  the  electron  and  hole  capture  and  emission 
coefficients  at  the  surface,  and  np  and  pp  are  the  numbers  of  filled  and  vacant 
surface  states  with  energy  E.  In  equations  2.37  and  2.38,  the  "s"  subscripts  and 
the  dependence  of  fx  on  E,  F^s,  and  Fps  have  been  suppressed.  Equating  2.37 
and  2.38  yields: 

cn  Dq  d  e« 

fT  = - — - ? -  2.39 

cnns  +  en  +  cpps  +  ep 

The  principle  of  the  detailed  balance  equation  requires  that: 

ea  =  ni  cn  [2.40] 

ep=p1cp  [2.41] 

where  nj  and  pt  are  defined  as  in  equations  2.7  and  2.8.  Using  2.40  and  2.41, 

fT  =  _ CnD3_+_C_pPi _ 

cn(n9  +  Di)  +  Cp(ps  +  Pj) 

Consider  a  region  where  E,  lies  between  the  split  quasi  Fermi  levels  in  reverse 
bias.  Within  such  a  region,  equation  2.42  shows  that  for  surface  states  of 
energy  E  greater  than  both  Fjv3  and  Fps,  fp  goes  to  zero  because  nj  is  large. 
For  states  with  energy  less  than  both  Fns  and  Fps,  fp  goes  to  one  because  pt 
dominates: 

fp  =  0,  E  >  Fp,  :  !•  2.43 


[2.39] 


fp  ~  U  Fps  F>js  >  E 

For  states  with  energies  between  1\,3  and  1  j>5,  ('quation  2.13  becomes: 
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Fp3  >  E  >  Fn3 


[2.451 


For  a  density  of  interface  states  that  is  uniform  in  energy,  equation  2.33  can  be 
written  as: 


ax  =  q  —  /  fT(E,FN3,Fp3)dE 

Eg  Ev, 


[2.46] 


where  Nj-p  is  the  total  number  of  interface  states  per  unit  area.  Using 
approximations  2.43  through  2.45,  equation  2.46  becomes: 

FNs-EVs  Nit  Fp  cppi 

nT  =  qN|T - — - Np —  / - - - — dE  2.47 

Eg  Eg  fjs  cnn!  +  cpp! 

To  evaluate  the  integral  in  2.47,  substitute  2.9  and  2.10  and  note  that: 

F?  cpPi  F't  cpe!'E'  -  E>'kT 
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Assuming  that  cn  is  approximately  equal  to  cp,  the  solution  to  equation  2.48  for 
a  region  where  E,  lies  between  Fr\js  and  Fps  becomes: 

Fi-s 

/  f(T)dE  =  E,  -  FNs  ,  Fps  >  E,  >  FNs  [2.50] 

F-„ 

Combining  equations  2.47  and  2.50  yields: 


nT  -  977 — (E,  —  EVs)  ,  Fps  >  E,  >  Fjqs  [2.51] 

Cg 

Here  F^s  is  assumed  to  exceed  Eys,  and  Fps  is  assumed  to  be  less  than  ECs.  If 
F\s  <  By*.  F\s  should  be  replaced  by  EVs  in  equations  2.43  through  2.51. 
Similarly,  if  Fps  >  Kf;s,  Fps  should  be  replaced  by  li(;.. 

The  majority-carrier  quasi-Fermi  levels  must  be  pinned  above  and  below 
h  in  the  neutral  N  and  I*  regions,  respectively.  If  assumption  1  holds,  then 
there  must  exist  a  region  at  the  surface  for  which  I  p.  .•  E,  >  I-'Ns.  Note  that, 
using  the  approximations  of  uniform  interface-state  distribution,  equation  2.36 
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becomes: 
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[2.52 


If  assumption  3  also  holds,  so  that  EN  =  E;,  then  within  the  region  where  E,  is 
between  the  quasi-Fermi  levels,  equations  2.51  and  2.52  give: 

nT  nTN  ,  Fps  >  Ej  >  F^3  [2.53; 


Equations  2.34  and  2.35  then  require  that  the  bands  be  flat  normal  to  the 
surface  in  this  region.  This  relieves  the  violation  of  the  2-D  Poisson  equation 
implied  by  assumption  2,  by  requiring  the  bands  in  this  region  to  bend  along 
the  surface  in  the  same  way  as  they  do  in  the  bulk. 

The  region  within  which  FPs  >  Ej  >  Fjm3  is  defined  as  the  perimeter 
generation  width,  WGP.  Within  WGP,  n3  and  p3  are  small,  and  equation  2.30 
can  be  written  as: 
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GP  =  s0nj  [2.55] 

where  the  parameter  s0  defined  by  equations  2.54  and  2.55  is  the  surface 

generation  velocity  in  cm/s.  Outside  WGP,  the  generation  rate  drops  off  as  n3 

or  p3  increases.  Because  the  surface  equilibrium  carrier  concentrations  are 
lower  than  in  the  bulk,  the  generation  rate  outside  WGP  decreases  more  slowly. 
Neglecting  the  generation  outside  WGP,  the  perimeter  depletion  current  can  be 
expressed  as: 

IpDepI  =  qs0niWGPP  [2. 56) 

where  P  is  the  length  of  the  perimeter  of  the  device. 

Numerically,  it  is  possible  to  solve  equations  2.34  and  2.35  using  equation 
2.42  directly  rather  than  approximating  the  probability  of  occupancy  function. 
A  typical  solution  for  the  bands  at  the  surface  is  shown  in  Figure  2.7.  Note  the 
high  electric  field,  corresponding  to  the  band  bending  in  the  bulk,  within  WGP. 
Also  shown  in  the  figure  is  the  perimeter  generation  rate  calculated  directly 
from  equation  2.30,  and  approximated  by  equation  2.55.  Comparing  Figure  2.5 
with  Figure  2.7,  it  is  apparent  that  the  generation-width  approximation  is  less 
accurate  in  describing  the  perimeter  than  it  is  for  the  bulk. 

It  is  implied  by  both  the  assumptions  and  the  solution  that  the  majority  of 
the  current  flow  is  parallel  to  the  surface  from  the  N  region  to  the  P  region. 


Distance  (fim) 


Calculated  perimeter  depletion  current  density.  The  solid  curve 
represents  the  full  calculation  from  equation  2.30.  The  dashed 
rectangle  represents  the  generation-width  approximation  of 
equation  2.55.  Parameters:  NA  —  Np  =  1017cm~3,  VR  =  0.5V, 
Nit  =  10l!cm  ",  s0  =  {■  10’cm/s. 
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The  (irift  and  diffusion  components  normal  to  the  surface  approximately  cancel 
in  steady  state,  just  as  they  do  in  equilibrium.  This  helps  to  justify  assumption 
1,  which  requires  the  majority-carrier  quasi-Fermi  levels  to  be  flat  from  the 
bulk  to  the  surface.  An  upper  limit  on  the  maximum  majority-carrier  quasi- 
Fermi  level  bending  from  the  bulk  to  the  surface  can  be  calculated  by  assuming 
that  all  the  generation  current  flows  directly  into  the  bulk.  The  current  density 
is  related  to  the  quasi-Fermi  level  bending  by: 

dFN 

N  v  ~  j  [2.5/  ! 

dy 

where  y  is  the  direction  normal  to  the  surface  and  /.(n  is  the  electron  mobility. 
Integrating  both  sides  gives: 

y  y  j 

/dFN  =  FN(y)  -  FN (0)  =  J-^L dy  12.58) 

o  o 


To  calculate  an  upper  limit  for  the  bending  of  the  majority-carrier  quasi-Fermi 
level,  choose  maximum  values  for  v  and  y  and  set  n  to  its  minimum.  On  the 
X  side,  outside  of  WGp,  the  minimum  electron  concentration  is  the  intrinsic 
concentration.  The  maximum  current  density  is  given  by  equation  2.55.  The 
maximum  value  for  y  can  be  taken  as  the  equilibrium  surface  depletion  width 
in  the  neutral  region.  Using  these  values,  equation  2.58  gives: 
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Using  the  typical  parameter  values  of  Figure  2.7,  these  upper  limits  are  less 
than  one  kT. 


2. 2. 2. 4  Perimeter  Diffusion  Current 

As  discussed  in  Section  2. 2. 2. 2,  in  the  bulk  of  a  GaAs  diode  the  diffusion 
current  is  negligibly  small  because  the  minority-carrier  concentrations  are  so 
low.  At  the  perimeter  of  the  device,  the  pinning  of  the  majority-carrier  quasi- 
Fermi  levels  near  mid-gap  results  in  increased  minority-carrier  densities  and 
increased  diffusion  cm  rut.  Figure  2.8  compares  the  expected  carrier 
concentrations  at  t  tie  surface  and  in  the  bulk  of  a  GaAs  diode.  The  lowest 
diagram  in  the  figure  indicates  that,  when  the  diode  is  reverse  biased,  a 
minority-carrier  gradient  will  exist  along  the  surface'  outside  the  region  where 
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Figure  2.8  Carrier  concentrations  versus  distance  at  the  surface  and  in  the 
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there  is  an  electric  field  parallel  to  the  surface.  This  gradient  in  the  minority- 
carrier  concentration  results  in  a  surface  diffusion  current. 

The  surface  diffusion  current  can  be  derived  approximately  by  solving  the 
minority-carrier  diffusion  equation  parallel  to  the  surface  in  the  regions  where 
the  electric  field  component  along  the  surface  goes  to  zero.  Technically,  an 
electric  field  component  normal  to  the  surface  exists  everywhere,  which  violates 
the  assumptions  of  the  minority-carrier  diffusion  equation.  As  described  in  the 
previous  subsection,  it  can  be  assumed  that  the  drift  and  diffusion  currents 
normal  to  the  surface  cancel  each  other  in  steady  state,  just  as  they  do  in 
equilibrium. 

As  is  indicated  in  Figure  2.6,  the  minority  carriers  are  confined  near  the 
surface  in  approximately  triangular  potential  wells.  In  order  to  express  the 
perimeter  diffusion  current  in  terms  of  the  surface  generation  rate,  the  current 
density  along  the  surface  is  assumed  constant  from  the  surface  out  to  some 
width  \Vn  or  YVp,  on  the  P  and  N  sides,  respectively  [33].  Then,  choosing  x 
along  the  surface  normal  to  the  junction,  the  minority  diffusion  equation  for 
electrons  becomes: 
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d2n 


ft¬ 


ps 


dx" 


(2.61 


where  nps  is  the  minority-carrier  electron  concentration  evaluated  at  the 
surface,  and  Gp  is  the  perimeter  generation  rate  in  the  regions  where  the 
electric  field  along  the  surface  is  zero  and  where  the  quasi-Fermi  levels  are  still 
split.  For  example,  consider  the  region  y  =  0,  x  <  — xp  in  the  lowest  diagram  of 
Figure  2.8.  In  this  region, 

P3  =  Ppso  [2.62] 


ns  =  nps0  -  ^np5(x)  [2.63] 

where  pps0  and  nps0  are  the  hole  and  electron  concentrations  at  the  surface  at 
equilibrium.  For  typical  equilibrium  surface  carrier  concentrations  and  typical 
trap  parameters,  using  equations  2.62  and  2.63  in  the  general  surface- 
generation-rate  expression  (equation  2.30),  produces  a  generation  rate  which  is 
independent  of  Anpg  for  nps  <<C  n, ,  and  which  is  proportional  to  Anps  for  nps 
comparable  to  rq.  Equation  2.61  requires  different  forms  for  the  x-dependence 
of  Anps  when  Gp  i  a  constant  and  when  Gp  is  proportional  to  Anps.  Surface 
generation  velocities  can  defined  for  each  case: 
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Approximating  the  generation  rate  as  a  constant  for  all  Anp3  and  substituting 
2.64  into  2.61  produces  a  parabolic  solution  for  Anps(x): 


d2An  , 
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Anp3(x)  =  — Cn(x  -  L'D3)2 
where  evaluating  boundary  conditions  gives: 
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[2.68] 


[2.69] 


.•Vs  usual,  x  =  0  has  been  chosen  to  be  at  the  edge  of  the  surface  electric  field 
region,  with  x  increasing  away  from  the  junction. 

Treating  the  generation  rate  as  proportional  to  Anp3  for  all  Anps  produces 
the  familiar  exponential  form: 

d2  Anps 

=  saAnps  [2.70] 
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Anps(x)  =  nps0(e  qVii/kT  -  l)e  x/L~  [2.71] 
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L„=(D„—  f  [2.72] 

sn 

The  minority-carrier  distributions  calculated  from  equations  2.67  and  2.71  are 
shown  in  Figure  2.9.  The  calculation  uses  =  Np  =  1017  cm-3, 

s0  =  4X103  cm/s,  N|x  =  1013  cm-2,  and  0.5  V  reverse  bias.  In  the  real  solution, 
tV  minority-carrier  concentration  will  initially  vary  rapidly  with  distance  along 
the  path  of  the  parabolic  solution.  When  the  difference  in  the  quasi-Fermi 
levels  becomes  small,  the  variation  of  the  minority-carrier  concentration  will 
follow  the  exponential  solution. 
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Distance  from  Depletion  Edge  (A) 


igure  2.9  Surface  minority-carrier  electron  concentration  in  the  neutral 
region  versus  distance  from  the  depletion  edge.  The  two  curves 
are  calculated  using  the  parabolic  approximation  of  equation  2.67 
and  the  exponential  approximation  of  equation  2.71. 
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Despite  the  differences  in  the  minority-carrier  distributions  described  by 
equations  2.67  and  2.71,  the  corresponding  diffusion  currents  are  quite  similar. 
The  diffusion  current  is  calculated  from: 


Jns  qDn 


dns 

dx 


1 2.73 ! 


Equation  2.73  is  evaluated  at  the  edge  of  the  region  where  there  is  an  electric 
field  along  the  surface  due  to  the  junction.  Using  the  parabolic  solution  of 
equation  2.67, 
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Using  the  exponential  solution  of  equation  2.71, 
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The  currents  calculated  from  equations  2.74  and  2.75  are  plotted  versus 
reverse-bias  voltage  in  Figure  2.10.  The  true  solution  for  the  perimeter 
diffusion  current  will  lie  somewhere  between  the  two  approximations.  Also 
plotted  in  Figure  2.10  is  the  calculated  perimeter  depletion  current  using  the 
same  interface-state  parameters.  It  is  apparent  that,  using  the  specified 
parameter  values,  the  perimeter  depletion  current  will  dominate  the  perimeter 
diffusion  current  in  a  GaAs  homojunction  except  at  very  low  biases.  The 
surface  recombination  velocity  used  in  the  calculation  is  105  cm/s,  which  is  a 
relatively  low  value.  For  larger  surface  recombination  velocities,  the  ratio  of 
depletion  current  to  diffusion  current  becomes  even  larger. 

The  fact  that  the  parabolic  and  exponential  minority-carrier 
approximations  lead  to  different  minority-carrier  quasi-Fermi  level  positions  but 
to  nearly  the  same  current  points  out  that  the  exact  positions  of  the  minority- 
carrier  quasi-Fermi  levels  are  not  critical  to  leakage  calculations.  The  use  of  Vr 
in  equations  2.74  and  2.75  implicitly  assumes  that  the  minority-carrier  quasi- 
Fermi  levels  remain  fiat  across  the  whole  region  in  which  the  bands  are  bent 
along  the  surface.  In  the  presence  of  strong  surface  generation,  this  assumption 
is  unlikely  to  be  true.  The  surface  minority-carrier  quasi-Fermi  levels  may 
instead  begin  to  bend  back  tcward  the  majority-carrier  quasi-Fermi  levels 
before  Ex  goes  to  zero.  In  this  case,  Vr  in  equations  2.74  and  2.75  would  be 
replaced  by  the  difference  in  the  quasi-Fermi  levels  that  remained  at  x — 0. 
However,  as  long  as  the  quasi-Fermi  levels  are  still  split  by  a  few  kT,  the 
calculated  diffusion  current  will  remain  essentially  unchanged. 


Perimeter  Current  Density  (A/cm) 
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Reverse- Bias  Voltage  (V) 


Figure  2.10  Calculated  perimeter  depletion  and  diffusion  currents.  The  upper 
curve  represents  the  perimeter  depletion  current  calculated  from 
equation  2.56.  The  lower  two  curves  represent  the  perimeter 
diffusion  current  as  approximated  by  equations  2.74  and  2.75. 
The  parameters  used  in  the  calculation  are  =  Np  =  10  cm  , 
Nix  =  1013  cm-2,  and  s0  =  105cm/s. 
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2.2.2. 5  Bulk  and  Perimeter  Limited  Storage  Time  Expressions 

To  derive  an  expression  for  charge  recovery  as  a  function  of  time,  start 
with  equation  2.1,  and  define  the  total  charge,  Qx,  as  the  charge  density  times 
the  area  of  the  junction: 

Qt  =  qNA(xp  -  xp0 )A  [2.76] 

Charge  neutrality  requires  that: 

|2-77! 

so, 

NaNd 

Qt  =  -  W°)A  l2-78! 

Neglecting  diffusion  currents,  the  charge  recovery  rate  can  be  expressed  as: 

dQx 

— — —  =  — qGBWGBA  —  qGpWCPP  [2.79] 

at 

As  is  illustrated  in  Figure  2.3,  in  the  bulk  of  a  symmetrically  doped  diode,  the 
generation  width  for  states  near  mid-gap  is  the  difference  between  the  total 
depletion  width  and  its  equilibrium  value.  As  described  in  Subsection  2.2.2. 3, 
the  generation  width  at  the  surface  is  approximately  equal  to  the  generation 
width  in  the  bulk: 


WG  =  WGP  =  WGB  =  W  W0 
Letting  NA  =  NB  =  NB  in  equation  2.78  gives: 

Qt  =  '/2qANBWG 


(Na  =  Nd) 


Substituting  2.81  into  2.79: 

dQx 


df“  W(Gb+Gpx)Qt 


Solving, 


Qt  =  QToe 


— 2(Gb  +  <  pP/A)t 

Ni 


—  QTOe 


where  r g,  defined  as  the  storage  time  constant,  is  given  by: 


2(Gb  +  GpP/A) 

Substituting  expression  2.13  shows  that  for  a  bulk  dominated  device, 
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While  expression  2.55  shows  that  for  a  perimeter  dominated  device: 


Ns  A 
2s0nj  P 


[2.86] 


Equations  2.85  and  2.86  show  why  reasonable  storage-time  performance  may  be 
expected  from  GaAs  PN-j unction  capacitors  even  though  GaAs  has  much 
shorter  minority-carrier  lifetimes  and  higher  surface  recombination  velocity 
than  Si.  The  intrinsic  carrier  concentration  in  the  denominators  of  the 
storage-time  expressions  offsets  the  effects  of  small  r0  and  large  sq.  For  a  non¬ 
degenerate  semiconductor: 


Hi 


=  VNCNVe'Ec/2kT 


[2.87] 


where  Nc  and  Ny  are  the  density  of  states  in  the  conduction  and  valence 
bands,  and  Eq  is  the  energy  bandgap  of  the  material.  The  wider  bandgap  of 
GaAs  compared  to  Si  results  in  a  much  smaller  intrinsic  carrier  concentration, 
which  offsets  GaAs’s  short  r0  and  large  s0,  resulting  in  a  relatively  long  storage 
time. 


2.2.3  Experimental  Demonstration  of  PN-Junction  Capacitors 

The  storage  times  achievable  in  GaAs  PN-junction  capacitors  have  been 
demonstrated  using  the  structure  shown  in  Figure  2.11  [34].  The  film  was 
grown  by  molecular  beam  epitaxy  using  a  Perkin-Elmer  Phi-400  MBE  machine. 
Individual  devices  were  isolated  by  wet  chemical  etching  in  1:8:40 
H2S04:H202:DI.  The  top  contact  wus  made  by  thermally  evaporating  AuZn 
and  patterning  by  lift-off.  Contact  to  the  back  side  was  made  through  indium 
alloyed  during  MBE  growth. 

The  structure  consists  essentially  of  an  N-type  potential  well  between  two 
P-type  regions,  forming  two  back-to-back  PN  junctions.  Figure  2.12  shows  a 
simplified  energy-band  diagram  for  the  device.  As  is  indicated  in  the  figure, 
applying  a  negative  bias  to  the  top  contact  will  forward  bias  the  upper  PN 
junction,  removing  electrons  from  the  floating  N  region.  The  N  region  charges 
to  some  positive  potential,  and  when  the  bias  is  returned  to  zero,  there  is  no 
source  of  electrons  ,o  refill  the  well  except  for  the  diode  leakage  currents. 

The  capacitance-volt.’go  characteristics  of  the  structure  is  shown  in  Figure 
2.13.  The  approximate  physical  symmetry  of  the  film  results  in  the  symmetry 
of  the  CV  curve.  As  the  applied  bias  is  swept  slowly  in  either  direction  from 
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Figure  2.13  Capacitance- voltage  curve  for  the  buried- well  structure  at  room 
temperature  in  the  dark  at  1MHz.  Sweep  rates  from  0  to  ±5  V 
are  50  mV/s.  Sweep  rates  on  the  return  to  zero  bias  are  5  V/s. 


zero,  one  of  the  two  PN  junctions  is  slightly  forward  biased  while  the  other  is 
reverse  biased,  so  the  capacitance  decreases.  When  the  bias  is  returned  rapidly 
to  zero,  the  well  remains  depleted.  Both  junctions  share  the  charge,  and  the 
capacitance  remains  unchanged.  The  capacitance  will  then  slowly  rise  back 
toward  its  equilibrium  value  as  generation  replenishes  the  well  and  removes  the 
reverse  bias  across  the  junctions.  Observing  the  capacitance-recovery  transient 
provides  a  method  of  measuring  the  generation  rate  in  the  device.  A  typical 
capacitance-recovery  transient  is  pictured  in  Figure  2.14.  The  charge  recovery 
is  seen  to  be  roughly  exponential  with  time  as  predicted  by  equation  2.83.  The 
capacitance-recovery  time  constant,  rc,  corresponds  to  the  time  required  for  the 
capacitance  to  recover  1  -  1/e  (63.2%)  of  the  difference  between  its  depleted- 
well  and  full-well  values.  The  measurement  is  made  in  the  dark  at  1  MHz, 
using  a  J-type  thermocouple  to  monitor  temperature. 

The  capacitance-recovery  storage  time  is  plotted  versus  inverse 
temperature  in  Figure  2.15.  The  initial  bias  used  to  dump  the  electrons  from 
the  well  is  5V.  At  this  bias  neither  the  N+  region  or  the  P_  regions  are 
completely  depleted.  The  capacitance-recovery  storage  time  of  the  cell  is  seen 
to  decrease  exponentially  with  temperature  from  approximately  180  seconds  at 
room  temperature  down  to  100  ms  at  120  °  C.  The  activation  energy  is  defined 
by: 


~c  =  Ce 


EaArT 


.'2.88! 


where  C  is  a  temperature-independent  proportionality  constant  and  F,A  is  the 
activation  energy,  which  is  also  assumed  to  be  temperature  independent.  Then: 


mio'c  — 


where  m  and  b  are  the  slope  and  vertical  intercept  of  the  log10fc  versus  1000/T 
plot.  Using  2.88, 


trr  =  lnCeE'/,CF|T 


+  InC  = 


1000(lnl0)m 


+  (InlO)b 


Ea  =  1000kB(InI0)m  2.91 

From  the  slope  of  the  line  in  Figure  2.15,  the  activation  energy  for  the  GaAs 
buried-well  structure  is  0.79  eV.  Physically,  the  activation  energy  of  a 
generation  process  as  determined  by  the  largest  single  energy  transition  an 
electron  must  make  to  move  from  valence  band  to  conduction  band.  The 
activation  energy  of  thermal  generation  through  R-G  centers  located  at  mid-gap 
will  go  as  Eg/ 2.  To  see  this  explicitly,  note  that  equations  2.85,  2.86.  and  2.87 
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can  be  used  to  express  the  storage  time  for  bulk-  or  perimeter-limited  diodes  in 
the  form  of  equation  2.88: 


-  n 


[2-92] 


rP  = 
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•2.93] 


If  the  capture  coefficients  do  not  have  strong  temperature  dependences,  then 
equations  2.14  and  2.54  show  that  for  generation  due  to  R-G  centers  at  the 
intrinsic  energy  level,  tg  and  s0  are  approximately  independent  of  temperature. 
The  temperature  dependence  of  the  density  of  states  terms  is  weak  compared  to 
that  of  the  exponential.  The  bandgap  varies  approximately  linearly  with 
temperature  over  the  range  of  temperatures  in  the  measurement: 


Eg  =  EGo  -  (T  >  300K)  [2.94] 

where  for  GaAs,  Eq0  =  1.58eV  and  a  =  5.405*10~4  eV/K.  Ego  1S  not  the  zero- 
temperature  bandgap  of  the  material.  It  is  instead  the  zero-temperature 
intercept  of  the  linear  approximation  of  Eq(T).  The  storage  time  for  a  diode 
dominated  by  generation  through  bulk  levels  at  mid-gap  would  then  be: 
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Equations  2.96  and  2.98  show  that  the  activation  energy  for  generation 
dominated  by  mid-gap  states  would  be  Eco/2,  which  matches  the  observed 
value  precisely.  Equations  2.90,  2.97,  and  2.99  show  that  the  vertical  intercept 
of  the  log10rc-versus-1000/T  plot  is  related  to  the  generation  lifetime  or  the 
surface  recombination  velocity. 
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Because  of  the  proportionality  of  the  generation  rates  to  the  intrinsic 
carrier  concentration,  longer  storage  times  should  be  achievable  in  wider- 
bandgap  semiconductors,  provided  the  surface  generation  velocity  and 
generation  lifetime  do  not  change.  To  demonstrate  this,  the  buried-well 
structure  was  also  fabricated  entirely  in  AlxGai_xAs  with  an  aluminum  mole 
fraction  of  approximately  0.2.  The  dimensions  and  dopings  were  the  same  as 
those  used  in  the  GaAs  buried-well  structures.  The  AlGaAs  devices  exhibited 
over  an  order  of  magnitude  increase  in  capacitance-recovery  time  constant,  to 
90  minutes  at  room  temperature  3 5 j .  The  time-constant-versus-temperature 
characteristic  for  an  AlGaAs  cell  is  plotted  in  Figure  2.15.  The  slope 
corresponds  to  an  activation  energy  of  0.81  eV.  The  increased  activation  energy 
is  due  to  the  wider  bandgap  of  the  ternary  compound. 

The  operating-temperature  range  of  a  dynamic  memory  cell  with  the 
storage-time  performance  observed  in  the  buried-well  test  devices  can  be 
estimated  by  assuming  that  the  maximum  refresh  cycle  should  be  one 
hundredth  of  the  storage  time  constant.  Then,  using  a  conservative  high-speed 
dynamic  memory  refresh  rate  of  1  kHz,  the  cells  could  operate  up  to  the 
temperature  at  which  their  storage  time  constants  are  reduced  below  100  ms. 
From  Figure  2.15  this  temperature  limit  is  seen  to  be  near  120  C  for  the  GaAs 
device,  and  near  150  °  C  for  the  AlGaAs  device. 

2.2.4  Details  of  the  Capacitance-Transient  Measurement  Technique 

The  simple  derivation  of  the  exponential  charge  recovery  in  a  generation- 
limited  PN-j  unction  capacitor  presented  in  Section  2. 2. 2. 5  considered  a  single 
diode  with  symmetric  doping  (i.e.,  =  Np).  The  experimental  buried-well 

structures  consist  of  back-to-back  PN  junctions  in  which  the  doping  is  highly 
asymmetric,  with  Np  hi>  N\.  In  the  test  structures  described,  the  doping  of 
the  P  regions  above  and  below  the  N-type  storage  node  is  equal,  but  this  is  not 
mandatory,  and  in  some  cell  designs  it  may  be  desirable  to  use  different  doping 
densities  in  the  two  P  regions.  The  following  subsections  describe  the 
differences  in  the  capacitance  transients  of  realistic  buried-well  structures 
compared  to  the  simple  exponential  recovery  predicted  by  equation  2.36  for  the 
single  symmetric  diode. 


2.2.1. 1  Initial-Bin  -  !>■  :  i-ndem-e  of  the  Storage  Time 

Expression?  2.so  am!  2.8f>  predict  that  the  charge-recovery  time  constant 
of  a  - ymrr.e*  !' y  dop< diode  dominated  by  mid-gap  traps  will  be 
i f ; <  1  >  pi  tidi-ni  of  liii  magnitude  of  Mu  initial  stored  charge.  In  the  experimental 
•  truct  u  res.  for  wlii.di  V,  •  \  N .  the  rapacita  nee- recovery  time  constant 
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exhibits  variation  with  the  magnitude  of  the  initial  bias  used  to  remove 
electrons  from  the  well.  As  illustrated  in  Figure  2.16,  the  capacitance-recovery 
time  constant  increases  with  increasing  magnitude  of  bias  pulses  of  either 
polarity.  The  capacitance-recovery  time  constant  depends  on  the  initial  bins 
because  the  capacitance-recovery  transient  is  not  a  true  exponential.  This 
occurs  for  two  reasons.  First,  the  capacitance  is  not  directly  proportional  to  the 
charge,  so  even  if  the  charge  recovery  were  truly  exponential,  the  capacitance 
recovery  would  be  slightly  non-exponential.  Second,  in  an  asymmetrically- 
doped  diode,  the  charge  recovery  itself  is  non-exponential.  These  two  sources  of 
time-constant  dependence  on  initial  bias  are  discussed  in  the  following 
subsections. 


2.2.1. 1.1  Relation  of  Capacitance-Recovery  Time  Constant  to  Charge- 
Recovery  Time  Constant 

For  a  buried-well  structure  with  equal  acceptor  density  in  the  P  regions 
above  and  below  the  N  region,  the  number  of  electrons  per  unit  area  missing 
from  the  well  is  given  by: 

Q  =  2qND(xn  -  xn0)  12.100! 
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Initial-bias  dependence  of  capacitance-recovery  time  constant. 
Squares  indicate  measured  values;  triangles  indicate  calculated 
values.  Generation  lifetime  or  surface  recombination  velocity  was 
used  as  a  fitting  parameter.  Data  were  taken  at  41.5  °  C. 
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Cn  = 


2W0 
Q0  =  2qNDxn0 


[2.105] 

[2.106] 


.4s  described  in  Section  2. 2. 2. 5,  when  NA  =  Np  and  Et  =  E, ,  then  the 
charge  recovery  will  be  an  exponential,  described  by  the  charge-recovery  time 
constant  r§: 

Q(t)  =  Qie~t/r* 

Combining  2.107  and  2.104  gives: 

C0 


[2.107] 


c(t)  = 


1  +  ^ 


2.108 


The  capacitance-recovery  time  constant,  tc,  is  defined  by: 

C('c)  =  Cmin  +  (1  -  l/e)[Cmax  —  cmi 

cr 


"mm  occurs  at  t  =  0,  and  Cmax  occurs  at  t  =  oo,  so 

r 

i 


C(rc)  =  C0 


i  +  Qi/Qo 


+  (1  -l/e) 


1  - 


1  +  Qi/Qo 


2.109] 


[2.1101 


Finally,  letting  t  =  rc  in  equation  2.108  and  solving  simultaneously  with  2.110 
yields: 


=  In 


,  ,  Qi 

Q. 

e 

Qo 

Qo 

!2.111i 


The  ratio  of  Q[  to  Q0  is  determined  by  the  magnitude  of  the  initial  bias  pulse 
used  to  dump  the  well: 

Ql  xn(t  =  0")  -  xn0  _  [  |V, 

Qo 


xa0 


i  + 


4V 


hi 


-  1 


2.1 1 2 i 


|  V,  |  is  the  magnitude  of  the  initial  voltage  pulse.  The  factor  of  four  arises 
bcrau.-e  during  the  pulse,  the  initial  voltage  is  essentially  applied  across  the 
single  reverse-bias  junction,  but  during  the  transient,  the  two  junctions  are  in 
parallel.  The  ration  of  r.  to  rs  is  plotted  versus  initial  bias  magnitude  in 
I  a;, ir-  2.17.  Mu  iiaure  is  generated  from  equations  2.111  and  2.112  winch 
assume  that  the  charge-recovery  transient  is  a  true  exponential. 


Initial  Pulse  Magnitude  (V) 


Figure  2.17  Ratio  of  capacitance-recovery  time  constant  to  charge-recovery 
time  constant.  In  the  calculation,  the  charge  recovery  is  assumed 
to  be  exponential  with  time,  and  NA  =  Np  —  1017cm  3. 
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2.2.4. 1.2  Non-Exponentiai  Charge  Recovery  in  Asymmetric  Junctions 

The  charge  recovery  in  asymmetrically-doped  junctions  (NA  =*=  Nq)  will  be 
non-exponential  because  the  generation  width  is  not  simply  W  —  W0  as 
assumed  in  equation  2.80  of  Section  2. 2. 2. 5.  Instead,  the  generation  width  for 
the  dominant  trap  levels  is  larger  than  W  —  W0,  and  the  ratio  of  WG  to 
W  -  W0  decreases  toward  unity  with  increasing  bias. 

To  derive  an  expression  for  the  generation  width  as  a  function  of  doping 
and  bias,  consider  the  band  diagram  of  an  asymmetrically-doped  diode  in 
Figure  2.18.  The  generation  width  for  a  trap  of  energy  E-p  was  defined  in 
Section  2.2.2. 1  as  the  region  within  which  the  trap  energy  level  lies  between  the 
quasi-Fermi  levels.  The  edges  of  the  generation  width  are  then  defined  by: 

x'p:  ET(x'p)  =  FP  [2.113] 

x'n:  ET(x'n)=FN  [2-114] 


Wg(Et)  =  |  x'p  x'n  |  [2.115] 

The  form  of  the  expression  for  WG  is  determined  by  the  signs  of  x  n  and  x  p. 
There  are  three  distinct  cases:  xn  >0,  xp  >0  (WG  entirely  on  the  P  side); 
xn  <0,  xp  <0  (WG  entirely  on  the  N  side);  x’n  <  0,  x'p  >  0  (WG  partially  in 
each  region).  xn  will  be  positive  when  the  difference  between  the  Fermi  level 
and  the  trap  level  in  the  neutral  N  region  exceeds  the  band  bending  on  the  N 
side  of  the  junction.  Define  the  voltage  V-p^  corresponding  to  the  difference 
between  the  equilibrium  Fermi  energy  on  the  N  side  and  the  trap  energy  level: 

Vtn  =  -(Efn  -  Et)  =  -[(Efn  -  Ei)  -  (Et  -  E01  12.116] 

q  o 

1  Np> 

VTN  =  —  kT  In  -  -  (ET  -  ED 

q  ni 

For  a  specific  trap  level,  V-p^  is  a  constant  as  shown  in  Figure  2.18.  For  x  n  to 
be  positive, 

VTN  >  v  (vbi  +VR)  [2.118] 

\\  + 

where  VR  is  the  reverse-bias  voltage  across  the  junction.  So  for  x  n  >  0, 


N\  +  Nd 

Vr  <  — ^ - VTn  -  Vt 

A  A 


2. 119 


ation  width  in  an  asymmetrically-doped  junction. 
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Na  +  Nd 

- VTP  —  Vbi 


[2.120] 


where  VTP  is  defined  by: 


I  1NA 

VTP  =  —  kT  In  -  -  (Ex  -  E,) 


[2.121] 


L  J 

So  for  the  generation  width  to  lie  entirely  on  the  P  side  of  the  junction 

(x  n  >0,  x'p  >  0), 

Na  +  Nd  Na  +  Nd 

- - VTp  -  Vb,  <  VR  <  — — - — VTN  -  Vbi  [2.122] 

Nd  f’A 

For  the  generation  region  to  lie  entirely  on  the  N  side  of  the  junction 

(x'n  <  0,  x’p  <  0), 

Na  +  Nd  Na  +  ND 

- 77 - —VTN  -  Vbl  <  VR  <  — — 7j— — -Vtp  -  Vbi  [2.123] 

Nd  Na 


When  the  generation  width  lies  entirely  on  the  P  side,  as  is  depicted  in  Figure 
2.18  and  described  by  equation  2.122,  the  generation  width  is  given  by: 


Wo  -  xnJ|l  + 


Nd  qNA 


I'O  10^1 


Similarly,  when  the  generation  width  lies  entirely  on  the  N  side  under  the 
condition  of  equation  2.123: 

(  \Vz 


Wo  =  x  3  1  + 


Np  _  2e 
Na  qND 


2.125] 


Finally,  when  VR  exceeds  both  the  limits  defined  by  equations  2.119  and  2.120, 
the  generation  width  extends  across  the  metallurgical  junction  and, 

I  _  \'/2  (  _  \  Vz 


Wo  =  w 


[2.126] 


Using  Np  =  1017cm~  and  NA  =  1016cm-3,  the  ratio  of  the  generation  width 
calculated  from  equation  2.124  to  W  —  W0  is  plotted  in  Figure  2.19  for  three 
different  trap  levels.  At  low  biases  the  ratio  is  larger.  Equations  2.78  and  2.79 
show  that  a  larger  ratio  of  WG  to  W  —  W0  corresponds  to  a  larger  ratio  of 
leakage  rate  to  stored  charge.  This  is  why  smaller  applied  biases  result  in 
shorter  storage  times  in  asymmetrically-doped  diodes,  as  shown  in  Figure  2.16. 


When  the  generation  width  is  not  equal  to  W  —  W0,  the  charge-recovery 
transient  will  not  be  a  true  exponential.  The  theoretical  points  in  Figure  2.16 
were  calculated  by  starting  at  the  initial  bias,  integrating  the  generation  rate 
across  the  junction  for  a  short  time  step,  and  then  modifying  the  charge  and 
bias  appropriately.  This  procedure  was  repeated  until  the  calculated 
capacitance  of  the  structure  recovered  63.2%  of  the  difference  between  its  initial 
and  equilibrium  values. 

The  equations  in  this  subsection  have  been  derived  assuming  the  standard 
bulk  diode  band  positions  shown  in  Figure  2.18.  At  the  perimeter  of  the  device, 
the  bands  will  be  bent  differently.  However,  as  discussed  in  Subsection  2. 2. 2. 3, 
the  bands  at,  the  perimeter  can  be  expected  to  have  roughly  the  same  form  as 
the  bands  in  the  bulk  within  the  perimeter  generation  width.  In  this  case, 
equations  2.116  through  2.126  will  describe  devices  dominated  by  generation  in 
the  bulk  or  at  the  perimeter. 

2. 2. 4. 2  Charge  Redistribution  During  the  Bias  Pulse 

In  buried-well  structures  having  different  dopings  in  the  upper  and  lower  P 
regions,  majority-carrier  charge  redistribution  will  result  in  instantaneous 
jumps  in  the  capacitance  when  the  initial  bias  pulse  is  applied  and  when  it  is 
removed.  The  total  number  of  free  electrons  in  the  .\-well  varies  only  due  to 
finite  diode  currents,  so  the  total  charge  in  the  well  does  not  change 
instantaneously.  The  applied  biases  across  the  two  junctions  must  add  to 
produce  the  bias  applied  across  the  whole  device.  Given  a  specific  amount  of 
charge  in  the  well  and  an  applied  bias,  the  individual  junction  voltages  can  be 
uniquely  determined.  In  a  structure  with  different  doping  in  the  P  regions,  the 
back-to-back  capacitors  have  different  CV  characteristics,  and  the  total 
capacitance  of  the  structure  is  determined  by  the  voltage  across  the  heavily- 
doped  junction  compared  to  the  voltage  across  the  lightly-doped  junction. 
When  the  external  applied-bias  changes  abruptly,  the  total  charge  initially  stays 
the  same,  so  the  individual  junction  voltages  must  change  as  the  electrons  in 
the  well  shift  from  one  junction  toward  the  other.  Such  instantaneous  changes 
in  the  junction  voltages  result  in  abrupt  changes  in  the  capacitance  of 
structures  with  asymmetric  doping  in  the  P  regions. 

To  relate  the  individual  junction  biases  to  the  total  applied  bias  and  the 
net  charge  in  the  well,  define  \g  as  the  number  of  free  electrons  in  the  N  region 
per  cm2: 

Nf,  -  -xnl  -xn2)  2 . 127. 

where  d  is  the  depth  of  the  N  region  and  xn)  and  xn2  are  the  depletion  widths 
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into  the  N  region  from  the  upper  and  lower  junctions,  as  shown  in  Figure  2.20. 
The  figure  is  drawn  with  Nai  >  Np  >  NA2.  The  depletion  distances  are 
related  to  the  individual  junction  voltages  by  the  usual  expressions: 


xm  = 


2e  Nm 

qNp  Np  +  NAi 


(Vbl 


-VAi 


) 


y. 


[2.123] 


xn2  = 


26 

qNp 


NA2 

Np  +  NA2 


(Vbl 


-vA2 


) 


Vt 


[2.129] 


The  individual  junction  applied  voltages  are  related  to  the  external  bias  by 
Kirchoff’s  rule: 


Va  =VA1  -  VA2  [2.130] 

where  the  polarity  of  VAi  and  VA2  is  from  P  to  N,  as  usual.  Together, 
equations  2.127  through  2.130  uniquely  determine  VAi  and  VA2  for  given  Ng 
and  Va- 

The  instantaneous  change  in  capacitance  that  occurs  on  sudden  application 
of  a  bias  is  calculated  as  follows.  Initially  VA  =  VAi  =  VA2  =  0,  and  the 
equilibrium  number  of  electrons  in  the  well  is  calculated  from  2.127.  The  initial 
capacitance  is  determined  from  the  equilibrium  depletion  widths.  Immediately 
after  the  bias  is  applied,  Ng  remains  unchanged,  and  using  the  new  VA  in 
equations  2.127  through  2.130  allows  calculation  of  VAx  and  VA2.  The  new 
junction  voltages  determine  the  depletion  widths,  and  thus  the  capacitance, 
immediately  after  application  of  the  bias. 

Using  simple  empirical  expressions  to  model  the  diode  current-voltage 
characteristics  allows  simulation  of  the  charging  of  the  device  while  the  external 
bias  is  applied.  The  diode  characteristics  can  be  approximately  modeled  by: 

JD  =  JofeqVD/DrkT  .  Vp  >0  [2.131] 


JD  =  J0re  qVp/D'kT  ,  VD  <0  [2.132] 

where  J0f,  Jor>  nf>  and  nr  are  fitting  parameters.  The  currents  determine  the 
change  in  the  number  of  electrons  in  the  well  with  respect  to  time: 

Jdi(Vai)  +  '^D2 A2 )  “  — -^-(q^-E)  ,2-133 

Knowing  the  indivh.u.i,  junction  biases  allows  calculation  of  the  currents,  which 
modify  Np  after  a  short  irne  step.  The  new  Np  allows  recalculation  of  VAi 
and  V  A2 ■  and  so  forth. 


Figure  2.20  P"1"—  N— P  buried-well  structure. 
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Figures  2.21  and  2.22  show  calculations  of  the  capacitance,  charge,  and 
individual  junction  voltages  during  applications  of  positive  and  negative  voltage 
pulses.  The  simulation  of  Figure  2.21  is  for  a  +0.8V  pulse  of  1  second  duration, 
while  Figure  2.22  uses  a  pulse  of  -0.8V.  The  dopings  used  for  the  calculations 
are  NA1  =  1019  cm-3,  ND  =  4  x  1017  cm”3,  and  NA2  =  5  x  1016  cm”3.  The 
fitting  parameters  are  J0f  =  5  x  10u  A/cm2,  J0r  —  8  x  10”13  A/crrT,  nr  =  2.0, 
and  nr  =  2.6.  The  area  of  the  device  is  1.33  x  10“  4  cm2.  Using  these 
parameters,  the  simulated  characteristics  match  those  measured  for  real  devices 
of  the  same  area  and  doping  very  closely. 

Application  of  a  positive  bias  to  the  P  +  —  N— P  structure  causes  the 
capacitance  to  jump  to  a  lower  value.  This  occurs  because  the  lightly-doped 
junction’s  depletion  region  expands  in  reverse  bias  more  than  the  heavily-doped 
junction’s  depletion  contracts  in  forward  bias.  Application  of  a  negative  bias 
causes  a  positive  jump  in  the  capacitance  because  the  heavier-doped  region  is 
expanding  while  the  lighter-doped  region  contracts. 

To  use  the  capacitance-transient  technique  to  measure  time  constants,  it  is 
essential  that  the  initial  capacitance  is  larger  than  the  capacitance  value 
immediately  after  the  bias  pulse  ends.  Under  certain  conditions  with  extremely 
asymmetric  junctions  like  those  simulated  in  Figures  2.21  and  2.22,  it  is  even 
possible  that  application  of  pulses  of  one  polarity  will  require  additional 
electrons  in  the  well.  This  effect  is  illustrated  by  the  third  plot  of  Figure  2.21. 
where  the  application  of  a  positive  voltage  pulse  produces  a  small  negative 
charge  in  the  well.  After  the  positive  pulse,  the  capacitance  immediately 
returns  to  equilibrium,  so  no  storage  transient  can  be  observed.  Even  for  the 
negative  pulse,  a  significant  amount  of  time  is  required  to  charge  the  device. 

2.2.5  Experimental  Capacitor  Performance  Versus  Doping  Levels 

Section  2.2.1  showed  that  the  charge-storage  density  on  a  PN-j unction 
capacitor  at  a  fixed  bias  increases  with  increasing  doping  levels.  Equations  2.85 
and  2.86  of  Section  2. 2. 2. 5  show  that  if  the  generation  lifetime  is  independent  of 
doping,  then  the  storage  time  will  also  increase  with  the  doping  levels.  Both  of 
these  beneficial  effects  are  simply  due  to  decreasing  depletion  widths  as  doping 
increases.  However,  the  built-in  electric  field  also  increases  with  doping  level, 
resulting  in  field-enhanced  generation  36,37  ,  which  decreases  generation 
lifetimes  in  the  bilk.  Also,  greater  doping  density  may  result  in  increased 
generation-site  dee  ity  ahich  will  also  decrease  generation  lifetimes.  Increasing 
doping  levels  will  improve  storage  time  performance  as  long  as  the  beneficial 
effects  of  reduced  generation  volume  outweigh  the  detrimental  effects  of 
shortened  gene  ration  lifetimes. 


Kitin'  2.22  shows  storage-time  versus  temperature  performance  for  three 
MBH-grown.  etch-isolated  PNP  capacitor  structures  The  only  significant 
differences  in  the  structures  are  the  doping  in  the  I*  layers  surrounding  the 
floating  N  region.  In  all  three  structures,  I  he  doping  in  the  N  layer  is 

l()ls  cm  while  the  1’  layers  are  doped  at  7T01’  cm  *,  101'  cm  ,! ,  and 

M)11  cm  1  :n  the  three  samples.  All  three  devices  thus  have  one-sided 

junctions,  with  the  thermal  generation  occurring  primarily  in  the  lightly-doped 
material,  as  discussed  in  Section  2.2.1 .  1 In  the  two  more-lightly-doped 
■amples.  the  generation  width  lies  in  the  I'  material,  while  in  the  sample  with 
N.\  1 0 1  cm  the  generation  width  is  in  the  ,\  type  material. 

It  is  apparent  from  Figure  2.22  that  the  competing  beneficial  and 
detrimental  <-llects  of  increasing  doping  density  result  in  a  maximum  in  the 
storage  time  performance.  The  sample  with  the  middle  doping  level  produces 
the  longest,  storage  time'--.  It  is  also  apparent  that  increasing  doping  reduces  the 
activation  energies.  Feast-squares  fits  to  the  data  give  the  activation  energies  as 
().7t)  e V ,  0.62  e V ,  and  ()..”>  1  eV  for  the  samples  having  =7x10lj  cm  '!, 

101,  cm  1 ,  and  K)1  1  cm  respectively. 

A  single  activation  energy  is  not  a  good  description  of  the  heavier-doped 
ampies,  because  the  log(;,  )  versus  I  T  characteristics  are  not  strictly  linear. 
Flic  curvature  in  the  characteristics  suggests  two  different  generation 
components  with  different  temperature  dependences.  For  example,  the  shape  of 
the  heavily-doped  sample’s  curve  can  be  explained  by  a  bulk  generation 
component,  with  a  low  activation  energy  and  a  surface  generation  component 
with  a  higher  activation  energy.  The  hulk  component  tends  to  dominate  at  low 
temperatures,  while  the  surface  component  dominates  at  high  temperatures. 
Fxperimental  support  for  this  description  will  he  presented  in  Section  2.2.6. 

2.2.2.1  field  Fnhanced  (feneration 

One  df  the  reason';  why  the  most -heavily-doped  diodes  do  not  produce  the 
longest  storage  times  despite  having  the  smallest,  generation  volume  is  that  the 
higher  fields  associated  with  heavily-doped  structures  result  in  shortened 
generation  life-times  dm-  to  field-enhanced  generation.  In  order  for  an  electron 
to  make  its  way  from  conduction  hand  to  valence  hand,  it  must  first  he  excited 
into  a  generation  renter  in  the  baiidgap,  and  then  escape  from  the*  trap  into  the 
rondwrtion  hand.  Tin  electric  field  in  the  depletion  region  of  the  reverse-biased 
I’N  junction  alter  the  shape  of  ‘he  potential  harriers  to  electron  and  hole 
■  u.i  a-t;  Tom  ’col  rs'se:  center  .  I  is.ure  2.2  t  how  a  ( ‘oulomhic  potential  well 
with  a  barri'  r  bright  I ,  \n  at  zero  electric  field,  and  with  the  harrier  reduced  by 
d  ,  \  ill  !  i.r  pri  'll  -  >•  of  ail  elect  rie  held 
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The  effects  of  an  electric  field  on  thermal  generation  were  first  described 
empirically  by  Poole  [36],  and  theoretically  by  Frenkel  [37].  Using  the  one¬ 
dimensional  Coulombic  potential  of  Figure  2.24,  Frenkel  derived  a  simple 
expression  for  the  barrier  reduction  as  a  function  of  field  strength: 

1 1/2 


AEa  =  2q 


qg 


7T£ 


[2.1341 


where  AEa  has  units  of  eV,  t  is  the  magnitude  of  the  electric  field  in  V/ cm, 
and  t  is  the  high-frequency  dielectric  constant  of  the  material  in  F/cm.  Figure 
2.25  plots  AEa  versus  t1'2  from  equation  2.134. 


As  described  in  Section  2.2.3,  reducing  the  energy  needed  for  thermal 
generation  will  reduce  the  activation  energy  derived  from  the  storage-time- 
versus-temperature  measurements.  The  peak  electric  fields  at  0.25V  reverse 
bias  for  the  three  samples  from  Figure  2.23  are  3.7X104  V/ cm,  1.48x105  V/ cm, 
and  5.2X10S  V/cm  for  the  diodes  with  NA  =  7X1015  cm-3,  1017  cm’3,  and 
1019  cm-3,  respectively.  Figure  2.25  shows  that  the  corresponding  activation 
energy  reductions  expected  from  equation  2.134  for  the  three  capacitors  would 
be  approximately  0.09  eV,  0.18  eV,  and  0.33  eV.  The  experimental 
measurement  does  not  provide  AEa  directly,  because  the  zero-field  activation 
energy  cannot  be  measured  due  to  the  built-in  fields  of  the  diodes.  However, 
the  differences  between  the  observed  activation  energies  for  the  different 
capacitors  roughly  correspond  to  the  differences  in  the  theoretical  values  of 
AEa.  This  correspondence  is  somewhat  unexpected,  because  previous  attempts 
to  match  observed  field-enhanced  generation  rates  in  silicon  devices  to  the 
simple  Frenkel  theory  have  found  the  theory  to  greatly  over-estimate  the  real 
effect  [38-40]. 

It  was  pointed  out  by  Hartke  [41]  that  the  potential  barrier  confining  an 
electron  at  a  generation  site  is  three  dimensional,  and  that  equation  2.134 
actually  only  describes  the  maximum  directional  barrier  lowering,  which  occurs 
along  the  direction  of  the  applied  electric  field.  Evidence  will  be  presented  in 
Section  2.2.6  that  perimeter  generation  is  relatively  unaffected  by  field 
enhancement.  This  could  be  explained  by  assuming  that  an  electron  trapped  at 
a  surface  state  must  escape  in  a  direction  approximately  normal  to  the  surface. 
Section  2. 2. 2. 3  concluded  that  there  is  very  little  electric  field  normal  to  the 
etched  surfaces  within  the  depletion  region,  so  that  field-enhanced  barrier 
lowering  for  perimeter  generation  would  be  small  and  independent  of  doping. 


For  very  large  electric  fields,  it  is  also  possible  that  the  generation  rate 
could  be  greatly  increased  by  avalanche  multiplication.  In  very-heavily-doped 
GaAs  diodes,  the  built-in  field  approaches  the  critical  field  necessary  for 
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Figure  2.24  One-dimensional  field-enhanced  barrier  reduction  for  a  Coulombic 
potential. 


Figure  2.25  Calculation  of  field-enhanced  barrier  reduction  versus  square  root 
of  electric  field  magnitude. 
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avalanching  to  occur.  However,  for  significant  impact  ionization,  the  critical 
field  must  exist  over  a  distance  sufficient  to  allow  carriers  to  acquire  the 
necessary  kinetic  energy.  In  other  words,  avalanching  requires  not  only  the 
critical  field,  but  a  minimum  potential  drop  as  well  !42|.  At  the  small  biases 
which  exist  during  the  capacitance-recovery  transients,  and  at  the  low  (laAs 
logic  levels  used  in  a  full  dynamic  memory,  the  required  potential  drop  will  not 
exist.  Impact  ionization  should  be  negligible,  unless  it  is  somehow  defect 
mediated  so  that  the  local  energy  band  structure  is  altered. 

2. 2. 5. 2  The  P  +  iN^  Capacitor 

The  calculated  charge  storage  densities  for  the  individual  PN  junctions 
shown  in  Figure  2.23  at  one  volt  reverse  bias  are  0.19  fC jn  m“  for 
NA  =  7*1015  cm-3,  0.68  fC//i  m2  for  NA  =  1017  cm-3,  and  2.11  tC/fu  m2  for 
Na  =  1019  cm-3.  High  charge  storage  density  is  important  for  the  design  of 
dynamic  memories  with  large  single-chip  capacity.  The  performance  of  the  two 
more  heavily-doped  samples  indicates  that  there  is  a  design  trade-off  between 
storage  time  and  charge  storage  capacity  for  the  simple  PN  junction  capacitor. 

Long  storage  times  and  relatively  high  capacitance  can  be  obtained 
simultaneously  by  inserting  a  thin  undoped  layer  between  the  P  and  N  regions 
of  the  diode.  Figure  2.26  diagrams  an  experimental  P  +  iN+iP+  capacitor 
structure.  The  doping  in  the  F  f  and  N+  layers  is  identical  to  the  doping  in  the 
heavily-doped  sample  of  Figure  2.23.  The  thickness  of  the  undoped  regions  is 
300A.  The  capacitance-recovery  time  constant  measured  for  the  P  +  iN+iPr 
structure  is  plotted  versus  temperature  in  Figure  2.27.  For  comparison,  the 
performance  characteristic  of  the  P  +  N+P+  structure  is  also  included  in  the 
figure.  The  charge  storage  density  for  the  individual  P  +  iN+  junctions  at  one 
volt  reverse  bias  is  1.85  fC//zm2.  The  curvature  of  the  characteristics  will  be 
discussed  in  Section  2.2.6. 

Figure  2.27  shows  that  although  the  generation  volume  is  smaller  in  the 
PVN+  devices,  the  storage  time  is  longer  in  the  junctions  with  the  undoped 
layers.  Because  the  doping  in  the  PT  and  regions  of  the  structures  with  and 
without  the  undoped  layers  is  identical,  the  built-in  potential  of  the  two 
junctions  must  be  the  same.  However,  the  maximum  electric  field  is  lower  in 
the  P  '  i N ’  junctions,  resulting  in  less  field-enhanced  generation.  For  example, 
the  maximum  field  in  the  PVN+  junctions  at  0.25V  reverse  bias  is  5.2XI0J 
V/cm,  while  it  is  only  3.75x105  V/cm  in  the  P  +  iNf  junctions.  The  one¬ 
dimensional  theory  of  Figure  2.25  predicts  that  the  trap-emission  barriers  will 
be  reduced  by  approximately  50  mV  in  the  P*  Nf  junctions  compared  to  the 
P‘i.\‘  junctions. 


Figure  2.26  Experimental  P  +  iN+iP  +  capacitor. 
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Although  the  reduced  electric  field  is  probably  the  primary  reason  for  the 
improved  storage  time  of  the  RfiNf  device,  there  are  two  other  factors  which 
tend  to  improve  its  performance  over  the  [)+Nt  device*.  The  first  is  that  tin* 
wider  depletion  width  of  the*  P  *  i  N  ‘  junction  reduces  the  possibility  of  band- 
to-band  tunneling.  This  is  not  a  major  effect,  however,  because  tunneling- 
limited  breakdown  for  ideal  planar  diodes  with  these  doping  levels  is  not 
expected  to  occur  before  the  reverse  bias  reaches  5  volts  [43].  Using  a  1  volt 
dump  pulse,  the  maximum  bias  across  the  junctions  during  the  recovery 
transient  is  only  250  mV.  The  other  feature  of  the  P  +  iN+  junctions  which  may 
contribute  to  the  improved  storage  time  performance  is  that  the  generation 
width  lies  entirely  in  the  undoped  material.  It  is  possible  that  the  undoped 
material  provides  increased  generation  lifetimes  compared  to  the  degenerately- 
doped  N  ’  material  within  which  generation  occurs  in  the  P'  N+  structure. 

With  these  doping  levels,  the  3()0A  undoped  layers  decreased  the  charge- 
storage  density  at  L  volt  by  a  factor  of  about  1.14.  The  value  of  300A  is 
somewhat  arbitrary,  and  with  empirical  optimization  the  charge-storage 
reduction  required  to  go  from  P‘N*  to  1 1  *  i  N '  should  be  even  less. 
Particularly  if  it  is  desirable  to  push  the  doping  levels  even  higher  than 
Na  =  1019cm'3,  Np  =  10l  cm  3,  the  P  riN+  structure  should  be  beneficial. 

2.2.6  Storage  Time  Dependence  on  Perimeter-toArea  Ratio 

In  a  capacitor  dominated  by  bulk  generation,  the  storage  time  is 
independent  of  the  area  of  the  device,  because  the  stored  charge  and  tint 
generation  rate  scale  equally.  In  a  device  dominated  by  generation  at  the 
perimeter,  the  storage  time  will  be  inversely  proportional  to  the  perimeter-to- 
area  ratio,  because  the  charge  scabs  with  area  while  the  generation  rate  scales 
with  the  perimeter.  For  a  device  with  significant  generation  components  due  to 
the  bulk  and  the  perimeter,  equation  2.84  from  Section  2. 2. 2. 5  shows  that: 


when  rc  is  the  storage  lime.  <  is  the  bulk  generation  rate,  (ip  is  the  perimeter 
generation  rate,  P  A  is  the  perimeter-to-area  ratio,  and  K  is  a  proportionality 
constant.  The  rela  t  ionship  ex  pressed  by  equation  2.135  has  been  experimentally 
ob-.erved  for  the  |’  ;\  ii’  devices  described  in  the  previous  s(,(-t  ion.  figure 

2.28  plots  inverse  constant  versus  perimeter-to-area  ratio  for  several 

different  iy-sized  P  :N  iP  a  pari  tor--  at  130.5  ('. 

1  he  top  axis  in  f  igure  2.2s  now,  the  edge  length  of  a  square  capacitor 
which  would  rorr‘  pond  to  'in  p<  runet  i  r-to-area  ratio  on  the  bottom  axis.  The 
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storage  time  is  longest  for  the  largest  devices,  and  decreases  as  the  devices 
become  smaller  and  their  perimeter-to-area  ratio  increases. 

The  dashed  line  represents  a  least-squares  fit  of  the  data.  The  non-zero 
vertical  intercept  of  the  line  indicates  the  presence  of  a  significant  bulk 
generation  component.  The  positive  slope  of  the  line  indicates  that  there  is  also 
a  significant  perimeter  generation  component.  Extrapolating  the  line  off  scale 
to  the  right  of  the  figures  allows  prediction  of  the  performance  of  very  small 
area  devices.  For  example,  a  10'10  //m  device  would  have  a  perimeter-to-area 
ratio  of  0.4  /am1  and  a  storage  time  at  130.5  °  C  of  730  ms.  A  4X4  pm  device 
wrould  have  a  perimeter-to-area  ratio  of  1.0  pm-1  and  a  130.5  °  C  storage  time 
of  320  ms.  These  numbers  indicate  that  if  this  performance  can  be  achieved  in 
a  complete  dynamic  memory  cell,  then  storage  time  reduction  will  not  be  a 
limit  on  minimum  capacitor  dimensions. 

Storage-time- versus  ■  rnperature  measurements  for  P  +  iN+iP  f  capacitors 
of  different  perimeter-to-area  ratios  suggest  that  the  activation  energies  of  the 
bulk  and  perimeter  generation  mechanisms  are  different.  Figure  2.29  plots  the 
capacitance  recovery  time  constant  for  a  large  device  and  all  device.  The 

perimeter-to-area  ratios  are  .011  pm  1  and  .002  pm-1  for  *arge  and  small 

capacitors,  respectively.  The  large  device  has  a  longer  storage  time  at  all 
temperatures,  and  the  difference  clearly  increases  with  temperature.  Both 
characteristics  curve  slightly,  but  the  activation  energy  of  the  smaller  device  is 
higher  at  each  temperature.  The  smaller  device  with  higher  perimeter-to-area 
ratio  is  more  perimeter  dominated.  The  higher  activation  energy  of  the  small 
device  suggests  that  the  activation  energy  of  the  perimeter  generation 
component  is  higher  than  that  of  the  bulk.  The  large  electric  field  in  these 
devices  is  responsible  for  the  reduced  activation  energy  of  the  bulk  generation 
component.  At  sufficiently  high  temperatures,  the  slopes  of  both  curves 
approach  the  0.79  oV  activation  energy  characteristic  of  generation  through  a 
continuous  distribution  of  interface  states,  as  described  in  Section  2.2.3.  The 
activation  energy  of  perimeter  generation  does  not  seem  to  be  significantly 
reduced  by  field-enhanced  generation,  as  discussed  in  Section  2.2.5. 1. 

2.2.7  Ion-Implanted  Capacitors 

All  of  the  PN-junction  capacitor  structures  described  to  this  point  have 
been  fabricated  lr.  :■  olecular  beam  epitaxy  and  isolated  by  wet  etching.  The 
capability  to  fabn-  ate  c.  a  hors  by  ion  implantation  would  be  valuable  to  the 
d'-iign  of  complete  memory  n  IF.  as  will  be  described  in  the  following  chapters. 
All  ion-implanted  devices  would  be  h-ss  costly  than  epitaxial  designs,  and  planar 
processing  is  always  desirable.  'Flu  difficulty  with  ion  implantation  is  that  the 
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Figure  2.29  Comparison  of  storage  time  performance  of  large  and  small 
P+iN+iP^  devices. 
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implantation  is  that  the  implantation  produces  lattice  damage  and  interstitial 
atoms  which  will  provide  generation  sites  if  not  effectively  annealed  away. 

2.2.7. 1  Mg  and  Proton  Implant-Isolated  Devices 

The  first  set  of  implantation  experiments  did  not  attempt  to  use 
implantation  to  form  the  PN  junction  of  the  storage  capacitor.  Instead,  a 
shallow  epitaxially-grown  PNP  structure  was  isolated  by  an  unannealed  proton 
bombardment  and  by  an  annealed  magnesium  implant,  as  indicated  in  Figure 
2.30.  Proton  bombardment  is  a  commonly  used  isolation  technique  in  GaAs 
circuits  which  renders  a  region  insulating  by  effectively  destroying  the  crystal 
lattice  !44'.  Magnesium  is  a  P-type  dopant  in  GaAs.  The  proton  bombardment 
used  a  dose  of  1014  nn  2  at  45  keV.  the  magnesium  implant  used  a  dose  of 
2X1014  cm"'2  at  200  keV  (doubly  ionized),  and  a  rapid-thermal-arneal  sequence 
of  10  seconds  at  450  C  and  12  seconds  at  950  °  C  in  nitrogen  gas.  Both  sets  of 

o 

capacitors  were  300x300  /.an". 

The  rapid-thermal  anneal  definitely  activated  the  magnesium  implant, 
because  the  upper  and  lower  P"  regions  became  electrically  connected,  but  the 
activation  percentage  was  not  measured.  The  storage  time  in  the  Mg-isolated 
samples  was  measured  by  a  current  transient  technique.  A  DC  bias  was  applied 
from  top  to  bottom  contact  causing  a  steady-state  current.  The  bias  was  then 
pulsed  momentarily  to  a  higher  value  to  extract  electrons  from  the  floating  N 
region.  The  expanded  depletion  regions  from  the  N  layer  caused  the  current  to 
be  reduced,  and  the  recovery  transient  back  to  steady  state  revealed  the  storage 
time.  The  storage  time  of  the  proton-bomba  Jed  sample  was  measured  by  the 
standard  capacitance  transient  technique.  The  time  constants  for  the  two 
samples  are  plotted  versus  temperature  in  Figure  2.31. 

Both  samples  show  greatly  reduced  storage  times  and  activation  energies 
comp  tred  to  the  epitaxial  devices.  The  Mg-isolated  devices  show  room 
temperature  storage  times  of  about  1  second,  while  the  proton-bombarded 
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Figure  2.30  Implant-isolation  test  structure  for  initial  Mg-implant  and 
proton-bombardment  experiments. 
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Figure  2.31  Recovery-time  constant  versus  temperature  for  samples  isolated 
bv  Mg  implantation  and  by  proton  bombardment. 
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2.2. 7.2  Capacitors  Formed  by  Si  and  Mg  Implantation 

A  second  set  of  experiments  has  been  performed  in  which  an  N-type 
storage  region  and  an  overlying  P  '  layer  were  implanted  into  a  P-typc  epitaxial 
layer  to  form  the  planar  P.VP  capacitor  structure  shown  in  Figure  2.32  15,16  . 
The  silicon  implant  was  performed  directly  into  the  bare  GaAs.  while  the  Mg 
implant  was  performed  through  a  thin  CVD  SiON  layer.  The  SiON  layer  was 
used  as  an  encapsulant  during  a  single  furnace  anneal  at  850  C  in  No  with  a 
GaAs  proximity  cap.  The  details  of  the  fabrication  and  testing  are  reported  in 
reference  46. 

Combinations  of  various  Si  and  Mg  doses  and  energies  have  been 
examined.  Figure  2.33  plots  the  capacitance-recovery  time  constant  versus 
temperature  for  the  best  of  the  experimental  devices.  The  capacitor  measures 
1 20x  1 60  inn2,  and  uses  a  dose  of  5<1013  cm-2  at  150  keV  for  the  Si  implant, 
and  a  dose  of  5X1()H  cm-2  at  40  keV  for  the  Mg  implant.  The  background 
doping  of  the  MBE-grown  epilayer  is  2x10l3  cm""3.  The  cell’s  performance  is 
greatly  improved  over  the  initial  Mg-implant-isolation  experiments.  The 
storage  time  is  7  seconds  at  300  K,  and  remains  above  100  ms  to  over  100  C. 
The  activation  energy  is  0.52  eV,  suggesting  that  the  device  is  still  bulk  limited, 
so  that  it  should  not  be  severely  affected  by  scaling. 

The  work  of  Loh  et  al.  47  indicates  that  further  performance 
improvements  may  be  possible  through  refinements  in  fabrication  procedures. 
Their  work  reports  diodes  formed  by  Mg  implantation  into  an  N-type  epilayer 
produced  by  VTE.  The  capacitance-recovery  time  is  measured  using  a  MIS/PN 
configuration,  producing  storage  times  of  one  minute  at  room  temperature. 
Removal  of  the  MIS  structure  indicates  that  even  with  these  relatively  long 
storage  times,  the  structure  was  probably  being  limited  bv  leakage  due  to  the 
insulator  rather  than  the  implant.  However,  the  generation  width  in  their 
experimental  structure  lies  primarily  in  the  epitaxial  layer  and  not  in  the 
implanted  region.  The  result  is  encouraging  for  the  fabrication  of  .IFF'F  access 
transistors  by  a  combination  of  epitaxy  and  implantation  as  will  be  described  in 
the  next  chapter.  It  is  probable  that  continued  experimentation  will  result  in 
further  improvements  in  the  performance  of  :on-implanted  PN-junction 
capacitors. 
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Figure  2.32  Planar  PNP  test  structure  formed  by  implantation  of  Si  and  Mg 
into  a  P-type  epilayer. 
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CHAPTER  3 

ACCESS  TRANSISTORS 


3.1  Introduction 

To  make  a  dynamic  memory  cell,  it  is  necessary  to  have  a  way  of  moving 
charge  on  and  off  of  the  storage  capacitor.  There  also  must  be  a  way  of 
selecting  a  single  bit  out  of  a  two-dimensional  array  of  cells.  In  silicon  designs, 
an  insulated-gate  field-effect  transistor  provides  both  functions.  As  diagramed  in 
Figure  1.2,  the  gate  of  the  transistor  is  connected  to  the  wordline,  which  selects 
the  cell,  while  the  source  is  connected  to  the  bitline,  which  moves  charge  on  and 
off  the  capacitor.  The  drain  of  the  transistor  is  directly  connected  to  the  storage 
node,  so  that  the  leakage  current  from  the  transistor  gate  and  source  will  be 
collected  by  the  capacitor  in  the  storage  state.  As  discussed  in  Section  2.1,  MOS 
transistors  are  not  available  in  GaAs.  Them  are  a  variety  of  other  types  of 
GaAs  field-effect  transistors  to  be  considered  as  candidates  for  the  access 
elements  in  the  dynamic  memory  cell. 

It  is  conceivable  that  a  buried  storage  node  might  have  no  direct  electrical 
connection  to  the  access  transistor.  It  might  instead  be  punch-through  isolated, 
having  an  undepleted  layer  of  P-type  material  separating  the  N-well  from  the 
.\-type  drain  in  the  storage  state.  To  access  a  punch-through  isolated  cell,  the 
drain  of  the  access  transistor  is  raised  to  some  positive  potential  to  cause  the 
chain  depletion  region  to  touch  that  of  the  buried  well  so  that  charge  sharing 
occurs.  The  advantage  of  punch-through  isolation  is  that  the  access  transistor 
adds  no  additional  storage-time-limiting  leakage  currents  to  the  cell.  The 
disadvantages  include  complicated  cel!  design,  fabrication,  and  operation,  and 
clumsy  selection  of  a  single  cell.  Because  of  these  disadvantages,  punch- through 
isolation  will  not  be  considered  furti  er. 

Bipolar  transistor  access  to  PN  junction  storage  capacitors  is  similar  to 
punch-through  acce  s,  except  that  contact  is  made  to  the  P  region  that  separates 
the  storage  node  from  the  N  region  of  the  transistor.  The  P  region  becomes  the 
base  of  the  bipolar  access  transistor,  and  the  storage  node  acts  like  r  Boating 
collector.  This  is  an  attractive  possibility  because  it  may  provide  the  low 


leakage  of  punch-through  isolation  with  the  ease  of  operation  of  a  directly- 
connected  design.  However,  selectively  reading  the  cell  is  dependent  upon 
satisfactory  gain  in  the  transistor,  which  is  difficult  to  achieve  at  low  current 
levels  in  GaAs  bipolar  transistors.  Bipolar  access  is  a  promising  research  topic, 
but  it  will  not  be  discussed  further  in  this  work. 

Modulation-doped  field-effect  transistors  (MODFETs)  also  offer  some 
attractive  features  as  access  transistors.  The  speed  performance  of  MODFETs 
increases  drastically  with  decreasing  temperature,  making  a  MODFET  the 
obvious  access-transistor  choice  for  a  memory  designed  for  operation  at 
cryogenic  temperatures,  where  PN-junction  capacitors  are  essentially  static. 
Even  at  room  temperature,  a  modulation-doped  storage  capacitor  might  offer 
improved  storage-time  performance  over  the  PN-homojunction  cells.  This  is 
because  a  modulation-doped  storage  region  might  be  isolated  by  an 

enhancement-type  ring,  '-equiring  no  etched  perimeter  through  the  junction. 
MODFETs  may  also  provide  lower  drain-to-source  leakage  in  the  "off  state  than 
is  achieved  by  traditional  doped-channel  FETs.  In  the  "off"  state  the 
MODFET’s  two-dimensional  electron  gas  is  eliminated,  and  a  lightly-doped  P 
region  separates  the  N-type  source  and  drain.  The  P  region  provides  a  larger 
electrostatic  barrier  between  source  and  drain  than  would  be  present  at  the 
same  gate  bias  in  a  transistor  with  an  N-doped  channel.  MODFET  gate 
leakages  depend  strongly  on  the  design  of  the  gate,  and  are  presently  being 
evaluated.  MODFET-accesscd  dynamic  memory  cells  are  currently  under 

research  at  Purdue  University,  but  they  will  not  be  discussed  further  in  this 
work. 

In  the  absence  of  a  gate  insulator,  field-effect  transistors  in  GaAs  are 
traditionally  formed  by  using  a  PN  junction  (JFET)  or  a  metal-semiconductor 
junction  (MESFET)  to  gate  an  N-doped  channel  between  N"1"  source  and  drain 
regions.  When  such  a  transistor  is  directly  connected  to  a  PN-junction  capacitor 
to  form  a  dynamic  memory  cell,  there  are  two  critical  requirements  for  the 
transistor’s  performance.  The  first  requirement  is  that  the  drain  leakage  current 
in  the  off"  state  must  be  small  enough  to  allow  reasonable  storage  times  over 
the  d  esired  range  of  operating  temperatures.  The  second  is  that  the  gate 
current  in  the  "on"  state  must  be  small  enough  so  that  it  does  not  mask  the 

signal  charge  coining  from  the  capacitor  during  a  read  operation.  Secondary 

performance  criteria  require  the  transistor  to  move  the  charge  on  and  off  the 
capacitor  at  high  --peed,  and  to  dissipate  very  little  power  in  the  storage  state. 
The  remainder  of  ( his  chapter  will  describe  how  MESFET  and  JFET  design 
parameters  such  as  dimensions  and  doping  are  related  to  these  access-transistor 
performance  requirements. 


3.2  Subthreshcld  Leakage 

The  storage  time  in  a  P  N-j  u  not  ion-capacitor- based  dynamic  memory  cell  is 
determined  by  the  length  of  time  required  for  leakage  currents  to  transform  a 
non-equilibrium  logic  "l"  into  a  logic  Leakage  currents  due  to  thermal 

generation  in  the  capacitor  itself  were  described  in  the  previous  chapter.  This 
section  describes  the  additional  leakage  currents  introduced  by  the  addition  of  a 
directly-connected  access  transistor.  A  logic  "l"  is  produced  by  removing 
electrons  from  the  capacitor  so  that  the  storage  node,  connected  to  the 
transistor's  drain,  is  positively  charged  with  respect  to  the  grounded  substrate. 
In  the  storage  state  the  transistor’s  drain  leakage  currents  will  discharge  the 
capacitor.  The  objective  in  designing  a  direct- accessed  cell  is  to  select  the 
transistor  parameters  and  the  voltages  in  the  storage  state  to  minimize  the  drain 
leakage  current. 

The  typical  dependence  of  drain  leakage  current  cn  gate-to-source  bias  for 
several  types  of  doped-channel  FETs  is  shown  in  Figure  3.1.  This  figure 
suggests  two  primary  regions  of  operation  below  threshold.  In  the  first  region 
the  drain  current  consists  of  leakage  to  the  source,  which  decreases  exponentially 
with  increasing  reverse  bias  on  the  gate.  At  sufficiently  negative  gate  biases,  the 
reverse-bias  leakage  of  the  gate  becomes  dominant,  and  the  drain  leakage  slowly 
increases  with  further  reverse  bias  applied  to  the  gate.  The  transistor  should  be 
designed  so  that  the  minimum  drain  leakage  current  is  as  low  as  possible,  and 
the  circuit  must  be  designed  so  that  the  transistor  is  at  its  minimum  leakage 
point  during  the  storage  state. 

The  gate  leakage  component  should  decrease  with  increasing  gate-to- 
channel  barrier  height.  This  is  suggested  by  the  four  hypothetical  transistor 
leakage  characteristics  shown  in  the  figure.  The  four  gate  leakage  curves  are 
drawn  for  different  types  of  doped-channel  FETs  with  increasing  barrier  heights. 
A  standard  GaAs  MESFET  provides  a  barrier  of  about  0.7  eV,  which  is 
independent  of  the  workfunction  of  the  gate  material  due  to  surface  Fermi-level 
pinning.  The  second  characteristic  is  for  a  MESFET  with  the  GaAs  surface 
treated  with  an  ammonium-sulfide  solution  just  prior  to  gate-metal  deposition. 
This  technique  modifies  the  surface  state  density  and  makes  the  metal- 
semiconductor  barrier  height  sensitive  to  the  metal  workfunction.  Schottky 
barriers  of  greater  than  0.1)  eV  have  been  demonstrated  using  gold  on  N-type 
GaAs  19  .  As  suggested  in  the  figure,  MESFETs  with  treated  gates  sE  uve 
reduced  gate  leakage'  compared  to  standard  MESFETs. 

The  third  characteristic  shown  is  for  a  conventional  GaAs  JFET.  The  Ex¬ 
junction  gate  of  the  JFET  eliminates  the  thermionic  emission  which  dominates 
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Figure  3.1  Conceptual  plot  of  the  logarithm  of  drain  current  versus  gate-to- 
source  voltage  for  four  types  of  field-effect  transistors. 


the  MESFET.  The  JFET  leakage  current  is  due  to  the  bulk  and  perimeter 
generation  currents  of  the  reverse-biased  diode,  as  described  in  the  previous 
chapter.  The  final  characteristic  suggests  that  even  lower  gate  leakage  might  be 
obtained  by  using  a  heterojunction  JFET  as  the  access  transistor,  (’.sing  a  wider 
bandgap  material  for  the  P  region  of  the  gate  would  help  to  suppress  gate 
leakage,  just  as  it  helps  to  increase  the  storage  time  in  PN-junction  capacitors. 

The  gate  leakage  component  is  critical  to  the  determination  of  the 
minimum  drain  current.  However,  for  simple  MESFETs  and  JFETs,  the 
dependence  of  the  leakage  current  on  physically  controllable  parameters  is  either 
obvious  (e.g.,  thermionic  emission  dependence  on  barrier  height)  or  very  difficult 
to  model  (e.g.,  PN-junction  perimeter  generation  rate  dependence  on  doping 
concentration).  The  gate  leakage  current  density  can  be  treated  as  an  empirical 
parameter  characteristic  of  the  type  of  access  transistor  selected.  As  illustrated 
in  Figure  3.1,  the  gate  leakage  current  is  only  weakly  dependent  on  gate  voltage. 

Doped-channel  FET  gate  leakages  are  commonly  modeled  by  [48] : 

__qVW 

Idg  =  GoGovDGe  kT  ;3-lj 

where  GD<q0  and  6  are  empirical  fitting  parameters. 

The  drain-to-source  leakage  current  decreases  exponentially  with  increasing 
reverse  bias  on  the  gate,  producing  a  straight  line  on  the  logarithmic  plot.  The 
most  important  parameter  describing  the  source  leakage  current  is  the 
subthreshold  slope,  the  slope  of  the  line  on  the  log(Ip)  versus  VGg  plot.  To 
reduce  the  reverse-bias  voltage  which  must  be  applied  to  the  gate  to  reach  the 
minimum  drain  current,  the  subthreshold  slope  should  be  as  large  as  possible. 
For  drain-to-source  biases  larger  than  a  few  kT/q,  the  drain-to-source  leakage 
current  is  only  dependent  on  drain-to-source  voltage  through  the  dependence  of 
the  threshold  voltage  on  drain-to-source  voltage.  Drain-to-source  leakage 
current  can  be  modeled  by  [49]: 

Ids  —  IosoexP  ( — tt7t(^gs  —  Vt))0  —  exp(  — r^— ))  3.2] 

n3ki  kl 

\  'p  \  i'o  ~F  kV  3.3] 

fn  equations  3.2  and  3.3,  lp^0  an  empirical  fitting  parameter,  n3  is  the 
subthreshold  ideality  factor,  V-j-0  is  the  threshold  voltage  extrapolated  to  zero 
drain-to-source  voltage,  and  k  is  a  negative  constant  describing  the  dependence 
of  threshold  voltage  on  Vps  • 

By  assuming  that  itie  drain-to-source  leakage  current  varies  exponentially 
with  the  minimum  potential  barrier  height  between  source  and  drain,  it  is 
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possible  to  derive  ns,  V^o.  and  K  from  two-dimensional  calculations  of  the 
potential  in  the  subthreshold  transistor.  The  next  subsection  describes  a 
modeling  technique  for  performing  a  two-dimensional  calculation  of  the 
potential  in  subthreshold  MESFETs  and  JFETs  on  lightly-doped  substrates. 
The  potential  solutions  allow  calculation  of  the  drain-to-source  leakage  current 
parameters  as  a  function  of  the  physical  design  parameters,  such  as  transistor 
dimensions,  dopings,  and  voltages. 

3.2.1  Harmonic  Solution  for  Potential  in  Subthreshold  FETs 

Calculating  the  potential  in  a  subthreshold  FET  requires  solution  of  the 
two-dimensional  Poisson  equation  in  the  plane  defined  by  the  normal  to  the 
semiconductor  surface  and  a  line  along  the  channel  between  source  and  drain. 
The  most  direct  approach  to  solving  the  two-dimensional  Poisson  equation  is  an 
iterative  solution  to  a  finite-difference  formulation  using  successive-over- 
relaxation.  In  a  region  in  which  the  charge  density  is  a  function  of  only  one 
variable,  such  as  in  the  depletion  region  under  the  gate  of  a  FET,  the  two- 
dimensional  Poisson  equation  can  instead  be  treated  as  the  sum  of  a  one¬ 
dimensional  Poisson  equation  and  a  two-dimensional  Laplace  equation: 

2D  Poisson:  V2d>(x,y)  =  — becomes 

2D  Laplace:  V2v(x,y)=0,  and 

ID  Poisson:  —  — U(y)  =  — — ,  with 

dy2  1  '  6 

O  =  U  +  v 

:  is  the  two-dimensional  potential,  p  is  the  charge  density,  and  e  is  the  dielectric 
constant,  v:  is  the  solution  of  the  two-dimensional  Laplace  equation,  and  U  is 
the  solution  of  the  one-dimensional  Poisson  equation  in  the  direction  in  which 
the  charge  density  is  varying  (i.e.,  normal  to  the  semiconductor  surface  in  a 
FET).  The  heart  of  the  solution  is  choosing  appropriate  boundaries  and 
boundary  conditions  for  the  2D  Laplace  equation. 

Marshall  and  Meindl  30  applied  this  approach  to  Si  MF.SFETs  on  doped 
'■oibstrat.es.  On  a  < loped  substrate,  the  current  is  sufficiently  confined  to  the 
channel  region  so  that  some  error  in  the  boundary  conditions  below  the  channel 
ooi-  not  significantly  affect,  current  predictions.  Accordingly,  Marshall  and 
Meindl  produced  accurate  agreement  with  a  full  numerical  s ohilton  by  using  JD 
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Poisson  equations  through  the  source  and  drain  as  the  boundary  conditions 
perpendicular  to  the  channel  at  the  source  and  drain  ends  of  the  gate.  Their 
work  specifically  excluded  GaAs  MESFETs,  because  on  an  undoped  substrate 
the  fields  far  below  the  channel  can  become  significant. 

Using  the  one-dimensional  source  and  drain  solutions  as  boundary 
conditions  for  the  solution  of  the  Laplace  equation  in  the  region  below  the  gate 
is  equivalent  to  assuming  that  the  gate  has  no  effect  on  the  potentials  below  the 
drain  and  source.  This  results  in  a  discontinuous  derivative  of  the  potential 
along  the  gate-to-source  and  gate-to-drain  boundaries,  as  can  be  seen  in  Figure 
3.3a.  In  this  work,  the  use  of  the  ID  Poisson  solutions  as  boundary  conditions 
for  the  2D  Laplace  equation  is  avoided  by  solving  the  2D  Laplace  equation 
separately  under  the  source,  gate,  and  drain.  The  three  regions  of  the  solution 
are  indicated  in  Figure  3.2.  The  source  and  drain  regions  are  considered  to 
extend  to  infinity  in  the  x  direction  of  the  figure.  The  Fourier  coefficients  for 
the  solution  to  the  2D  Laplace  equation  in  the  three  regions  can  be  uniquely 
determined  by  requiring  continuity  of  the  potential  and  its  normal  derivative 
along  the  common  boundaries. 

The  charge  density  in  the  source  and  drain  regions  indicated  in  the  figure  is 
not  strictly  a  function  of  only  one  variable  as  required  for  the  separation  of  the 
2D  Poisson  equation  into  a  ID  Poisson  equation  and  a  2D  Laplace  equation. 
There  will  be  some  depletion  of  the  N-doped  layer  of  the  source  and  drain 
adjacent  to  the  gate.  In  this  work,  this  depletion  is  ignored:  the  charge  density 
in  the  N-layer  is  treated  as  changing  abruptly  from  the  channel  doping  to  zero 
at  the  gate-to-source  and  gate-to-drain  boundaries. 

For  a  harmonic  solution  by  separation  of  coordinates  in  a  Cartesian  system, 
the  substrate  boundary  condition  must  be  imposed  along  a  line  parallel  to  the 
gate.  Consider,  for  example,  the  back  boundary  to  be  selected  as  y  =  yB.  The 
depletion  edge  of  the  real  solution  must  be  a  function  of  x,  so  it  is  impossible  to 
select  yB  such  that  the  area  of  the  solution  remains  entirely  within  the  depletion 
region  and  d>(x,yB)  ^  f(x).  If  the  potential  were  known  along  some  line  y  =  yB 
within  the  depletion  region,  then  the  back  boundary  condition  could  be  included 
in  the  solution  through  a  Fourier  series  of  terms  which  are  harmonic  in  the  x 
direction  of  Figure  3.2.  However,  because  the  potential  <^(x,yB)  is  not  known, 
the  most  convenient  approximation  is  to  require  <f>(x,yB)  to  be  a  constant, 

Then  the  back  boundary  condition  for  the  Laplace  solution  becomes 
?i-(x,yB)  =  0,  and  the  one-dimensional  Poisson  equation  must  satisfy 

WyB)  =  '-'BB' 
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Figure  3.2  Recess-etched  MESFET  showing  the  three  regions  of  solution  for 
the  2D  Laplace  equation. 
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Figure  3.3  Calculated  potential  in  a  subthreshold  MESFET  using  50 
harmonics  and  0  =  0  in  the  neutral  bulk,  with  VDS  =  IV. 

a)  Harmonic  solution  only  under  gate,  using  ID  Poisson  solutions 
as  boundary  conditions  at  source  and  drain. 


b)  Harmonic  solutions  in  source,  drain,  and  gate  regions  with 
potential  matched  at  boundaries. 


An  appropriate  choice  of  yp  depends  on  the  channel  length  compared  to  the 
depletion  widths.  Consider  Figure  3.4a  which  shows  a  long-channel  device  for 
which  the  source  and  drain  depletion  widths  do  not  overlap.  yo.gatplD> 
y0  source10'  and  yodra.n10  are  the  depths  at  which  the  one-dimensional  Poisson 
equations  through  the  gate,  source,  and  drain  predict  that  the  potential  will  go 
to  zero.  For  sucn  a  long-channel  device,  it  is  reasonable  to  set  Ogp  =  0  (the 
potential  of  the  undepleted  bulk)  and  let  yp  =  >'o,gatelD-  This  condition  ensures 
that  the  solution  area  will  lie  entirely  within  the  depletion  region,  and  it 
matches  the  real  solution  near  the  middle  of  the  gate  where  the  critical  source- 
to-drain  barrier  will  occur. 

Now  consider  a  short-channel  device  on  a  lightly  doped  substrate  in  which 
the  drain  depletion  region  reaches  over  to  the  source  as  indicated  in  Figure  3.4b. 
In  such  a  device,  the  potential  goes  to  zero  nowhere  along  y  ^yogate10-  A 
better  approximation  is  achieved  by  requiring  Obb  =  0  at  yB  —  >’osourcelD-  The 
area  of  the  solution  still  remains  entirely  within  the  depletion  region,  but  the 
position  of  the  ba-’k  boundary  is  no  longer  gate-bias  dependent,  and  the  error 
introduced  by  the  back  boundary  is  moved  further  from  the  channel.  In  order 
to  match  Fourier  coefficients  along  the  side  boundaries  between  the  three 
regions,  the  back  boundary  position  chosen  for  the  gate  region  must  be  imposed 
in  the  source  and  drain  regions  also,  as  is  indicated  in  Figure  3.2. 

In  the  gate  region  the  potential  at  the  metal-semiconductor  interface, 
(y  =  0),  is  fixed  by  the  applied  gate  voltage  and  the  Schottkv  barrier  height.  As 
with  the  back  boundary,  the  top  ooundary  must  be  at  the  same  position  (y  —  0) 
in  the  source  and  drain  region  as  it  is  in  the  gate  region.  Because  the  charge 
density  in  the  N-layer  is  treated  as  changing  abruptly  at  the  ends  of  the  gate  as 
previously  described,  the  potential  along  the  top  boundary  changes  abruptly 
from  the  gate  potential  to  the  potential  of  the  undepleted  source  or  drain 
(Figure  3.3).  This  approximation  is  physically  equivalent  to  having  the  source 
and  drain  ohmic  contacts  on  the  same  level  and  immediately  adjacent  to  the 
gate. 

Equation  3.5  is  solved  in  each  cf  the  three  regions  by  separation  of 
variables: 

Within  the  gate  region:  (Ohx'  LG) 


(x,y)  =  UG  ,  yj  tV- 


sin(nky) 
nhfnkLfj ) 


(CnSsinh(nk(L(;  —  x))  -F  Cn  Dsinh(nkx))  [3.8 


depiction  edge  \ 


— . 

^O.draia 


*  0. drain 


a) 


b) 


Figure  3.4  Solution  regions  appropriate  for  long-channel  and  short-channel 
MESFETs. 


a)  Lone-channel  device  for  which  yg  =  yo,  gate- 

b)  Short-channel  device  for  which  v  =  y0  source • 


d2Uc(y)  /’<;(y) 

where  - - -  = - 

dy“  ' 


CV  =  —  /('-'(0,y)-UG(y))sin(nky)dy, 
>'B  o 


CnD  =  —  / (v(LG,y)  -  UG(y))sin(Dky)dy, 

>'B  o 


and  k  =  — . 

yb 


Within  the  source  region  (x<0): 


Os(?:,y)  =  Us(y)  +  Vsin(nky)Cns  exp(nkx) 


3.12 


where 


d2Us(y)  Ps(y) 


Cnb  =  —f(o( 0,y)  -  Us(y))sin(nky)dy. 
-B  o 


Within  the  drain  region  (x>Lg): 


OD(x,y)  ==  UD(y)  +  Vsin(nky)CnD  exp(nk(LG-x)) 


13.16 


where 


d2UD(y)  Po(y) 


CnD  =  —  /(0(Lc,y)  -  Us(y))sin(nky)dy. 
>'b  o 


[3.181 


Requiring  continuity  of  at  the  boundary  between  gate-and-source  regions 
(x  =  0)  and  at  the  boundary  between  the  gate-and-drain  regions  (x  =  LG)  yields: 


(x  -  0):  HG(y)  -  k's(y)  =  (CnS  )sin( nky  ) 


(x  =  I -c; ):  '■  '(;(}  )  ~  t 'p(y)  =.^(CnD-  CaD)sin(nky) 


Now  define  Dn  as  the  difference  between  the  nth  coefficients  of  the  solutions  on 
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either  side  of  a  boundary: 

y>. 

Dab  =  Cnb  -  Cnb  =  —  f  (Us(y)  -  l'c(y))sin(nky)dy  3.21] 

>'B  o 

ye 

OnD  =  CnD  -  CnD  =  —  / (UD(y)  -  UG(y))sin(nky)dy.  [3.22) 

yB  o 

The  integrals  in  equations  3.21  and  3.22  involve  only  known  quantities,  so  the 
coefficients  Dns  and  Dn°  can  be  calculated  directly  for  any  specified  top  and 
bottom  boundary  conditions. 

Next  the  derivative  of  the  potential  with  respect  to  x  is  obtained  from 
equations  3.8,  3.13,  and  3.16: 

— —  =  v  -b‘n,(nky)— (nk)(-CDScosh(nk(LG— xT  +  CnDcosh(nkx))  [3.23] 
dx  sinh(nkLG) 


d  C»s 

dx 


cx:  / 

=  V  sin(nky)(nk)Cn  exp(nkx) 
n  =  l 


[3.24] 


=  X!  sin(nky)(— nk)CnD  exp(nk(LG -x)) 
dx  n  =  l 

Requiring  the  derivative  to  be  continuous  at  x  =  0  and  x  =  LG  yields: 

s=  s  cosh(pkLG)  p  1 

'n  sinh(nkLG)  '  a  sinh(nkLG) 

r  D  =  C  S  1  p  cosh(nkLG) 

n  n  sinh(nkLG)  D  sinh(nkLG) 

Finally,  solving  equations  3.21,  3.22,  3.26,  and  3.27  simultaneously  gives: 

Cns  =  '/2Dns+K Dn° 

CnD  =  KDns+'/2DnD 

CnS"  --'/2Dns+K Dn° 


[3.25] 

[3.26] 

[3.27] 

[3.28] 

[3.29] 

[3.30] 


(' 


KDr 


-Dr 


3.31] 


where 


sinh(nkLG ) 
exp(2nk)  — 1 


3.32! 


ill 


Once  the  coetlicients  Dn  are  calculated  from  the  one-dimensional  Poisson 
solutions  UG(y),  U§(y),  and  Up(y)  through  3.21  and  3.22,  equations  3.28  through 
3.32  uniquely  specify  the  Fourier  coefficients  Cns,  CnD,  Cns  ,  and  Cnu  .  The 
potential  at  any  point  in  the  gate,  source,  or  drain  regions  can  then  he 
calculated  from  3.8,  3.13,  or  3.16,  respectively.  For  miform  dopings,  as 
assumed  in  Figure  3.2,  the  ID  Poisson  equations  in  each  region  can  be  solved 
analytically,  subject  to  the  appropriate  contact-imposed  boundary  conditions  at 
y  =  0,  and  to  U  =  0  at  y  =  vb.  For  non-uniform  doping  profiles,  (Js,  Ug,  and  Ud 
can  be  calculated  numerically.  The  electric  field  at  any  point  can  also  be 
obtained  efficiently  from  equations  3.23,  3.21,  3.25,  the  corresponding 

.  .  do  .  dU 

summations  lor  - ,  and  - . 

dy  dy 

Figure  3.2  shows  the  regions  of  solution  for  applying  the  technique  to  a 
recess-etched  MESFET.  Epitaxially-grown  JFETs  can  also  be  modeled 
approximately  by  changing  only  the  gate  boundary  condition.  The  Schottky 
barrier  height  of  the  MESFET  gate  is  replaced  by  the  built-in  potential  of  the 
JFET's  PN-junction  gate.  Technically,  the  one-dimensional  Poisson  solution 
through  the  gate,  UG(y),  should  be  modified  to  include  the  small  voltage  drop  in 
the  P-type  gate.  This  small  correction  can  be  ignored  for  the  one-sided  P  +  N 
junctions  which  commonly  form  the  gates  of  epitaxially-grown  JFETs. 

3.2.2  Parameter  Extraction  from  2-D  Potential  Solutions 

In  an  N-channel  FET  biased  in  the  subthreshold  region,  majority-carrier 
electrons  move  from  source  to  drain  by  thermionic  emission  an^  diffusion. 
Transport  across  Schottky  barriers  occurs  by  the  same  mechanisms,  and 
theoretical  expressions  describing  current  across  such  one-dimensional  potential 
barriers  have  been  derived  for  thermionic  emission  jol],  diffusion  [52],  and 
combined  thermionic  emission-diffusion  [53].  The  theoretical  expressions  for 
current  density  have  different  pre-factors,  but  all  depend  exponentially  on  the 
barrier  height: 

J  =  j0e" ■q<‘,,/kT  [3. 33) 

In  the  two-dimensional  problem  presented  by  the  subthreshold  FET,  electrons 
can  move  from  source  to  drain  along  many  paths,  and  each  path  represents  a 
different  barrier  height.  However,  because  of  the  exponential  weighting  of  the 
barrier  height,  the  o'  \!  current  can  be  expected  to  vary  directly  with  the  single 
minimum  barrier  height  to  a  good  approximation.  Calculation  of  the  pre-factor 
(J0  in  3.33,  I[)g0  in  3.2)  requires  properly  weighted  summation  of  the  thermionic 
emission-diffusion  current  contributions  along  all  possible  paths  from  source  to 


drain.  This  is  an  enormously  complicated  problem.  Fortunately,  the  insight 
necessary  to  design  access  transistors  for  minimum  subthreshold  leakage  can  be 
gained  by  examining  the  effect  of  the  design  parameters  on  the  normalized 
current  density  ratio: 

— q<?R\)iN 

JDS  vf 

-  =  e 

Jdso 

Equation  3.34  allows  calculation  of  the  normalized  current  density  from  the 
minimum  potential  barrier  height  between  source  and  drain,  which  can  be 
determined  for  any  set  of  design  parameters  and  operating  conditions  from  the 
two-dimensional  potential  solution. 

Under  most  conditions,  the  minimum  potential  barrier  between  source  and 
drain  will  occur  along  a  path  within  the  N-doped  channel  region.  For  example, 
d>B,MIN  *3  seen  in  Figure  3.3b  to  be  the  difference  between  potentials  of  the 
undepleted  source  and  the  saddle  point  in  the  potential  ridge  along  the  N-doped 
channel.  Figure  3.5  shows  a  calculation  of  normalized  current  density  versus 
gate  voltage  using  two-dimensional  harmonic  potential  solutions  and  equation 
3.34.  The  calculation  is  done  for  a  MESFET  with  a  half-micron  gate  length, 
gate  barrier  height  of  0.7  eV,  channel  doping  of  1017  cm-3  and  a  channel  depth 
of  1300  A.  Drain-to-source  voltage  is  used  as  a  parameter,  and  the  temperature 
is  300  K.  Comparing  Figure  3.5  and  Figure  3.1  shows  that  the  two-dimensional 
calculation  produces  the  expected  form  of  the  gate-voltage  dependence  of  the 
drain-to-source  component  of  the  subthreshold  FET  leakage  current. 

3.2.2. 1  Calculation  of  Subthreshold  Ideality  Factor  and  Subthreshold  Swing 

Physically,  the  ideality  factor  n3  defined  in  equation  3.2  is  the  ratio  of  the 
change  in  the  minimum  barrier  height  to  the  change  in  the  gate  potential  at  a 
fixed  drain-to-source  voltage.  This  definition  allows  ns  to  be  calculated  directly 
from  two-dimensional  potential  solutions.  The  subthreshold  swing,  S,  is  a 
related  parameter  more  directly  connected  to  current-versus-gate- voltage  plots 
like  Figure  3.5.  The  subthreshold  swing  is  defined  as  the  change  in  the  gate 
voltage  necessary  to  change  the  drain  current  density  by  an  order  of  magnitude. 
The  subthreshold  swing  is  a  critical  parameter  because  it  determines  how  far 
below  threshold  the  gate  must  be  taken  in  order  to  reduce  the  drain  current  to  a 
given  value.  The  subthreshold  swing  is  related  to  the  ideality  factor  by: 

kT 

S  =  - ln(l0)  ns 

q 


:  3.34] 


[3.35] 
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Gate-to-Source  Voltage  (V) 


Normalized  drain  current  density  versus  gate  voltage,  calculated 
from  two-dimensional  potential  solution.  Parameters: 
1g  =  0.5  n m,  Ndc  =  1017  cm-3,  d  =  1300  A,  dec  ~  0.7  v, 
Nab  =  1017  cm-3,  wPB  =  500  A,  Na1  =  1015  cm'3,  T  =  300  K. 
(Parameters  are  defined  in  Figure  3.7.) 


94 


The  minimum  ideality  factor  occurs  in  an  ideal  device  where  any  decrease 
in  gate  potential  directly  increases  the  drain-to-source  barrier  so  that  n3  =  1. 
Equation  3.35  then  shows  that  the  minimum  subthreshold  swing  for  an  ideal 
device  is  kT  q  ln(10),  which  equals  about  60  mV/decade  at  room  temperature. 
As  temperature  increases,  S  increases,  indicating  that  the  drain  leakage  current 
at  a  certain  gate  voltage  at  high  temperatures  will  exceed  the  leakage  at  the 
same  gate  voltage  at  low  temperature. 

3. 2. 2. 2  Calculation  of  Threshold  Voltage 

To  extract  the  threshold  voltage  bom  two-dimensional  potential 
calculations,  the  threshold  voltage  is  defined  as  the  gate  voltage  which  will 
reduce  the  minimum  potential  barrier  height,  to  some  voj„e  The 

specific  value  chosen  is  somewhat  arbitrary,  corresponding  to  arbitrarily 
specifying  a  small  drain  current  (e.g.,  1  fiA)  to  signify  the  threshold  condition  in 
a  FET.  In  equation  form,  the  threshold  voltage  is  defined  by: 

kT 

Ob.MIn(Vg=Vt)  =  c - (Ec  —  Ep)  I  SOurce  [3.36] 

q 

where  c  is  an  arbitrary  constant.  In  all  calculations  in  this  work,  c  is  chosen  to 
be  4.0.  To  calculate  the  threshold  voltage  for  a  specified  device  at  a  given 
temperature  and  drain-to-source  voltage,  two-dimensional  potential  solutions  are 
iteratively  performed  for  different  gate  voltages  until  equation  3.36  is  satisfied. 

Th“  par. .meter  V-p0  is  defined  in  equation  3.3  as  the  threshold  voltage 
extrapolated  to  zero  drain-to-source  bias.  Because  the  threshold  voltage  is 
defined  in  terms  of  potentials  instead  of  currents  in  equation  3.36,  VT0  can  be 
calculated  directly  without  extrapolating  by  setting  Vpg  to  zero  and  iterating. 
The  parameter  rc  of  equation  3.3  can  be  determined  from  the  shift  in  calculated 
threshold  voltages  caused  by  applying  different  drain-to-source  biases.  Figure 
3.6  shows  a  calculation  of  threshold  voltage  versus  drain-to-source  bias  for  the 
same  transistor  parameters  used  in  Figure  3.5.  The  linear  dependence  specified 
by  equation  3.3  is  apparent.  The  values  of  Vj0  and  k  calculated  for  this  device 
are  0.336  V  and  -0  044,  resp  civ-  I”. 

3.2.3  Calculated  Dependences  of  Subthreshold  Parameters  on  Dimensions  and 
Dopings 

This  section  will  present  calculations  of  the  subthreshold  parameters  (V-j-q, 
w,  n,,  and  S)  as  functions  of  the  physical  design  parameters.  The  objective  is  to 
illustrate  the  effects  of  varying  the  design  parameters,  and  also  to  demonstrate 
the  capabilities  of  the  harmonic  two-dimensional  potential  solution  technique. 


The  physical  parameters  which  may  be  selected  in  the  design  of  a  JFET  or 
MESFET  access  transistor  are  the  dopings  and  thicknesses  of  the  epitaxially- 
grown  layers  and  the  horizontal  dimensions  such  as  the  channel  length  and 
width.  Figure  3.7  defines  the  important  parameters.  The  P-type  layer  lying 
just  below  the  N-lype  channel  is  designed  to  be  completely  depleted  to  maintain 
low  parasitic  capacitances.  Its  purpose  is  to  increase  the  potential  barrier  which 
defines  the  channel,  suppressing  substrate  leakage  and  short-channel  effects. 
The  layer  underneath  is  assumed  to  be  a  nominally-undoped  epitaxial  layer  with 
a  background  net  acceptor  concentration  of  appioximately  101:>  cm-3. 

The  threshold  voltage  of  a  JFET  or  MESFET  will  be  determined  by  the 
channel  doping  (Npc)  and  depth  (d),  once  the  gate-to-channel  barrier  height 
(oGC)  is  known.  There  is  also  a  dependence  on  the  thickness  (wPg)  and  doping 
(Nab)  °f  the  depleted  P  layer,  although  the  depletion  of  the  channel  from  the 
lower  junction  is  typically  small.  The  threshold  voltage  also  depends  on  Vn3  as 
discussed  in  Section  3. 2. 2. 2  and  shown  in  Figure  3.6.  Finally,  even  the  zero-Vpg 
threshold  voltage,  VT0,  depends  on  channel  length  for  very  short-channel 
transistors.  Figures  3.8  and  3.9  show  calculations  of  MESFET  and  JFET  long- 
channel  (2  um)  zero-Vog  threshold  voltages  versus  channel  depth  and  doping. 
For  both  calculations,  Nab  =  1017  cm-3  and  wpg  =  500  A.  For  the  MESFET, 
C>gc  —  0.7V,  and  the  gate  doping  of  the  JFET  is  1019  cm-3. 

The  variation  of  the  zero-VDS  threshold  voltage  with  length  for  very  short- 
channel  devices  is  shown  in  Figures  3.10  and  3.11.  Both  calculations  are  for 
MESFETs  with  gate-to-channel  barrier  heights  of  0.7  V.  Figure  3.10  represents 
enhancement  mode  devices,  while  Figure  3.11  depicts  depletion  mode  devices. 
Each  figure  includes  calculations  for  channel  dopings  of  1,  5,  and  9X1017  cm-3, 
with  the  channel  depths  adjusted  so  that  the  long-channel  V^o  values  are  4-0.3 
V  and  -1.0  V  for  Figures  3.10  and  3.11  respectively.  In  each  figure,  it  is 
apparent  that  increasing  the  channel  doping  reduces  the  zero-VDg  threshold 
shift  at  very  short  gate  lengths.  The  smaller  sensitivity  of  the  enhancement 
mode  devices  to  short  channel  effect  will  be  discussed  in  Section  3.2.4. 

The  parameter  k  describing  the  effect  of  drain-to-source  voltage  on 
threshold  voltage  is  also  dependent  on  gate  length  and  channel  doping.  Figures 
3.12  and  3.13  show  calculations  of  k  versus  gate  length  for  the  same  sets  of 
devices  depicted  in  Figures  3.10  and  3.11.  Again,  heavy  channel  doping  is  seen 
to  suppress  the  sensitivity  of  the  threshold  voltage  to  the  drain-to-source  bias. 
Values  of  k  with  magnitude  greater  than  about  0.1  result  in  transistors  which 
are  difficult  to  use  in  digital  circuits,  so  Figures  3.12  and  3.13  illustrate  that  it  is 
necessary  to  use  heavy  channel  dopings  to  achieve  very  short  gate  lengths, 
particularly  for  depletion  mode  devices. 
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gate-to-channel  barrier  height:  0^^ 
channel  width:  w 


Figure  3.7  Definition  of  physical  design  parameters  for  JFET  and  MESFET 
access  transistors. 


Channel  Depth  (A) 


Figure  3.8  MESFET  VT0  versus  channel  depth  with  channel  doping  as  a 
parameter.  <^GC  —  0.7  V,  1q  =  2.0  /i m,  wPB  =  500  A, 

Nab  =  1017  cm-3,  Naj  =  1015  cm"3,  T  =  300  K. 


Figure  3.9  JFET  V-po  versus  channel  depth  with  channel  doping  as  a 
parameter.  Oqq  —  1.4  V,  1^  =  2.0  fxm,  wPB  =  500  A, 
Nab  =  1017  cm”3,  Naj  =  1015  cm'3,  T  =  300  K. 


Gate  Length  (jam) 


Figure  3.10  V-po  versus  gate  length  for  an  enhancement-mode  MESFET. 

Parameters:  (f>GC  =  0.7  V,  NaB  =  1017  cm'3,  wPB  =  500  A, 

Nai  =  1015  cm-3,  T  =  300  K,  channel  doping  and  depth  as 
indicated. 


Gate  Length  (pm) 

Figure  3.11  Vjo  versus  gate  length  for  a  depletion-mode  MESFET. 
Parameters  as  in  Figure  3.10. 


Figure  3.12 


Figure  3.13 


Figure  3.14  shows  a  calculation  of  the  effects  of  channel  doping  on  the 
subt^reshold  ideality  factor,  n3.  The  two  curves  in  the  figure  represent 
''•'hancement  and  depletion  rnode  MESFETs  with  0.5  /mn  gate  lengths.  The 
upper  curve  is  for  depletion  devices  with  V-pg  —  —1.0  V,  and  the  lower  curve  is 
for  enhancement  devices  with  VT0  =0.3  V.  The  channel  depths  were  adjusted 
at  each  doping  to  maintain  the  same  threshold  voltage.  Increased  channel 
doping  reduces  the  subthreshold  ideality  factor,  corresponding  to  increased  slope 
on  a  log(Ip)  versus  VGS  plot.  The  equivalent  values  of  the  subthreshold  swing, 
S,  at  300K  are  shown  on  the  second  vertical  axis.  The  advantage  of  the 
enhancement-mode  device  over  the  depletion-mode  device  will  be  discussed  in 
Section  3.2.4. 

The  subthreshold  ideality  factor  also  increases  with  reduced  gate  length. 
Figure  3.15  plots  ideality  factor  versus  gate  length  for  enhancement  and 
depletion  mode  MESFETs.  For  both  curves,  the  channel  doping  is  5yT01'  cm  ! . 
As  in  Figure  3.14,  the  channel  depth  was  adjusted  to  maintain  threshold 
voltages  of  0.3  V  and  -1.0V  for  the  enhancement  and  depletion  devices, 
respectively. 

The  doping  of  the  layers  underlying  the  channel  also  affects  the 
subthreshold  characteristics.  Intentionally  doping  the  lowest  epilayer 
significantly  reduces  short  channel  effects,  but  it  greatly  increases  parasitic 
capacitances.  Increased  capacitances  slow  the  circuit  operation,  negating  the 
beneficial  effects  of  shortened  gate  lengths.  It  will  be  assumed  that  the  lowest 
epilayer  is  not  intentionally  doped,  so  that  its  doping  is  not  a  design  parameter. 

The  doping  and  thickness  of  the  depleted  P  layer  just  beneath  the  channel 
may  be  selected,  but  the  total  amount  of  charge  must  remain  sufficiently  small 
so  that  the  total  depletion  depth  is  not  significantly  reduced.  The  effects  of  this 
layer  are  not  easily  quantified  from  the  two-dimensional  potential  solutions. 
This  is  because  'he  major  function  of  this  layer  is  not  to  increase'  ?h<> 
subthreshold  harrier  height,  but  to  confine  the  current  to  the  channel.  Figure 
3.16  illustrates  this  function  '■utu  calculated  conduction  band  edge's  alemg  the  y 
direction  of  Figure-  3.2  for  MESFETs  with  anei  without  the  500  A,  101,  cm  !- 
eloped  P  layer.  Although  'he  channel  minima  e>ccur  at  the  same  energy  for  beith 
devices,  the  minimum  i-  much  b r* >;i ■  1  e ■  r  for  the'  MESpET  without  the-  depleted  P 
layer,  i  he  euro  ;  ’  flow  mg  ir,  :  he  unhoped  material  under  the1  channe-i  wemiei  be 
considerably  great.  •  -t  ihe  device  .vi'henit  the;  P  layer.  My  cemlining  the  curren; 
to  the  N-elopecJ  c|  ,.i..,t  .  el;,  re  it  is  most  atfecte-d  by  the  gate  bias,  the'  de-pleted 


.aver  uimrov.  - 
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curren'  conlinem.  a*  ejie.-i  ; . t > t  ca-iiy  c-dculale-d  by  the1  harineuiic  aoiuli 
te-cimique.  the  depth  and  .loping  of  the  P  Inver  will  not  be  conside-re-el  as  d.  si 
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3.14  Subthreshold  ideality  factor  versus  channel  doping  for 
enhancement  and  depletion  MESFETs.  Channel  depths  adjusted 
to  maintain  VT0  =  0.3  V  and  -1.0  V.  Other  parameters  as  in 
Figure  3.10. 
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.13  Subthreshold  ideality  factor  versus  gate  length  for  enhancement 
:iml  depletion  MESFETs.  Channel  doping  —  3 ■  101 '  cm  *. 
Channel  depths  adjusted  to  maintain  V-j-0  0.3  V  and  -1.0  V. 

Other  parameters  as  in  Figure  3.10. 
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Depth  Position  (A) 


Figure  3.16  Conduction  band  cross  sections  through  the  gates  of  MKSFFTs 
with  and  without  the  depleted  P  layer  underlying  the  channel.  lir 
equals  zero  in  the  grounded  substrate.  Parameters: 
i\’dc  =  101'  cm''*,  d  =  1238  A  (with  P  layer),  768  A  (without  P 
layer),  dec  =  0.7  V,  Nab  =  1017  cm  *,  wj»u  =  500  A, 
Na,  =  1015  cm-3. 
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parameters.  =  10l '  cm  3  and  wPB  =  500  A  have  been  used  in  all  the 

calculations  presented  so  far.  It  is  possible  to  achieve  the  same  benefits  in 
epitaxially-grown  FETs  by  using  a  heterojunction  to  confine  the  channel  (54 j . 

3.2.4  Selection  of  Design  Parameters  for  Optimum  Subthreshold  Performance 

In  an  ideal  device,  every  incremental  decrease  in  the  gate  potential  would 
produce  an  identical  increase  in  the  potential  barrier  separating  the  source  and 
drain.  In  real  devices  with  short  gate  lengths,  the  fixed  source  and  drain 
potentials  tend  to  hold  the  channel  potential  in  place,  resisting  the  effects  of 
changes  in  gate  voltage.  This  can  be  combatted  in  two  ways.  One  way  is  to 
increase  the  doping  of  any  of  the  layers,  particularly  the  channel,  so  that  the 
potentials  from  the  source  and  drain  do  not  encroach  as  far.  A  second  way  is  to 
change  the  design  so  that  the  path  with  the  minimum  potential  barrier  is  a 
shorter  distance  from  the  gate.  This  effectively  increases  the  gate-to-channel 
capacitance  and  results  in  better  subthreshold  performance. 

The  sets  of  curves  in  Figures  3.12  and  3.13  show  both  effects  occurring  as 
the  channel  doping  is  increased.  Increasing  doping  requires  reduction  of  the 
channel  depth  to  maintain  the  same  value  of  VT0.  As  the  depth  is  decreased, 
the  short  channel  effects  become  less  severe  for  both  the  enhancement  and 
depletion  devices.  Comparing  the  two  figures  shows  that  enhancement-mode 
devices  perform  better  than  depletion  devices  with  the  same  channel  doping. 
Given  enhancement  and  depletion  transistors  with  the  same  channel  doping  and 
the  same  source-to-drain  barrier,  the  minimum  barrier  will  occur  closer  to  the 
gate  in  the  enhancement-mode  device.  This  situation  is  illustrated  by  Figure 
3.17,  which  shows  conduction  band  cross-sections  through  the  gates  of  an 
enhancement  and  a  depletion  MESFET.  The  transistors  are  identical  except  for 
the  channel  depth  which  has  been  adjusted  to  produce  VT0  values  of  0.3  V  and 
-1.0  V.  Each  transistor  is  biased  0.1  V  below  threshold,  so  that  the  channel 
minima  occur  at  the  same  energy.  The  distance  from  the  channel  minimum  to 
the  gate  in  the  enhancement  device  is  only  half  as  large  as  in  the  depletion-mode 
device,  resulting  in  improved  subthreshold  performance. 

The  same  effect  causes  transistors  with  lower  gate-to-channel  barriers  to 
have  larger  subthreshold  slopes  than  otherwise  identical  devices  with  large  <!>gc- 
Figure  3.18  plots  subthreshold  ideality  factor  for  a  JFET  and  a  MESFET  with 
identical  threshold  voltages  and  channel  dopings.  The  smaller  subthreshold 
swings  in  the  MESFET  are  due  to  smaller  separation  between  the  minimum 
source-to-drain  barrier  and  the  gate. 
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Figure  3.17  Conduction  band  cross-sections  through  the  gates  of  enhancement 
and  depletion  MESFETs.  Vx0  =  0.3  V,  —1.0  V.  EG  equals  zero  in 
the  grounded  substrate.  VGS  =  VT  —  0.1  V  for  each  device. 
Channel  doping  =  5><1017  cm-3. 
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Figure  3.18  Subthreshoid  ideality  factor  for  a  JFET  and  MESFET. 

1G  —  O.f,  /mi  and  channel  depth  is  adjusted  to  maintain 
V-po  =  0.3  V  for  each  device. 


To  produce  a  transistor  with  a  given  threshold  voltage,  increasing  the 
channel  doping  or  lowering  the  gate-to-ehannel  barrier  height  will  improve  the 
subthreshold  characteristics.  Increasing  channel  doping  results  in  decreased 
carrier  mobility.  More  importantly,  increasing  channel  doping  increases  the 
sensitivity  of  threshold  voltage  to  channel  depth,  as  shown  in  Figures  3.8  and 
3.9.  This  means  that  threshold  voltage  control  becomes  increasingly  difficult, 
reducing  yields  for  large  circuits.  There  is  no  question,  however,  that  heavy 
channel  doping  must  be  employed.  It  is  necessary,  both  to  allow  short  gate 
lengths  for  high-speed  operation,  and  to  reduce  thermal-generation  leakage 
currents  as  described  in  the  previous  chapter.  The  maximum  practical  channel 
doping  will  be  established  by  the  observed  trade-off  of  manufacturability  and 
performance. 

Lowering  the  gate-to-channel  barrier  height  sharply  increases  the  gate- 
leakage  component  of  the  drain  current,  as  discussed  in  Section  3.2.  JFET  gate 
leakage  should  consist  only  of  the  same  mechanisms  which  are  present  in  the 
PN-j unction  storage  capacitor.  The  storage  capacitors  have  demonstrated 
excellent  storage  time  performance,  as  reported  in  the  previous  chapter,  so 
JFET  gate-to-channel  barrier  heights  should  be  more  than  sufficient.  The 
feasibility  of  reducing  the  JFET  gate-to-channel  barrier  height  to  that  of  a 
treated-gate  MESFET  or  of  a  simple  MESFET  is  currently  being  evaluated 
experimentally. 

Once  channel  doping  and  gate-to-channel  barrier  heights  have  been 
established,  the  subthreshold  parameters  are  still  a  function  of  the  threshold 
voltage  selected.  Fortunately,  enhancement-mode  devices  exhibit  better 
characteristics,  and  they  are  also  desirable  for  the  power  dissipation  advantages 
discussed  in  Chapter  1.  The  obstacles  to  employing  enhancement-mode  access 
transistors  lie  in  finding  a  cell  geometry  which  can  efficiently  combine  an 
enhancement-mode  access  transistor  with  the  required  depletion-mode  capacitor, 
and  in  the  reduced  noise  margins  associated  with  an  enhancement-access  cell. 
These  considerations  will  be  discussed  in  Chapter  4. 

3.3  Measured  FET  Subthreshold  Performance 

This  section  reports  preliminary  measurements  of  the  subthreshold 
performance  of  epitaxially-grown  mesa-isolated  JFETs  and  MESFETs.  The 
data  are  preliminary  in  that  the  processing  sequences,  dimensions,  and  epitaxial 
layers  are  currently  being  modified  to  improve  the  results.  However,  the 
measured  characteristics  do  illustrate  some  of  the  theoretical  dependences 
described  in  the  previous  section. 
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Figure  3.19  shows  a  measured  drain  current  versus  gate-to-source  voltage 
characteristic  for  a  5  pm-gate-length  JFET.  Figure  3.20  shows  the  same 
characteristic  for  an  ammonium-sulfide-treated  MESFET  of  the  same 
dimensions.  Both  devices  were  measured  at  drain-to-source  biases  of  1.0,  1.5, 
and  2.0  V.  The  curves  were  taken  at  room  temperature  in  the  dark.  Both 
transistors  are  ring-gate  access  transistors  from  experimental  DRAM  cells,  with 
effective  gate  lengths  of  300  pm  and  gate  areas  of  approximately  2500  pm2.  The 
ring-gate  structure  and  its  purpose  will  be  discussed  in  /”"  ■'Dter  4. 

The  JFET  of  Figure  3.19  is  depletion  mode,  .vith  a  hreshold  voltage  of 
about  -0.25  V.  The  MESFET  of  Figure  3.20  is  -nhan'  ment  mode  with  a 
threshold  of  about  -f0.3  V.  As  described  in  the  previous  section,  both  the  lower 
gate-to-channel  barrier  and  the  more  positive  threshold  of  the  MESFET  tend  to 
increase  its  subthreshold  slope.  This  is  observed  experimentally,  with  the  JFET 
showing  a  subthreshoM  swing  of  75  mV/decade  while  the  subthreshold  swing  of 
the  MESFET  is  63  mV/decade.  At  room  temperature,  these  subthreshold 
swings  correspond  to  subthreshold  ideality  factors  of  1.26  and  1.06  for  the  JFET 
and  the  MESFET,  respectively. 

The  beneficial  effects  of  the  larger  gate-to-channel  barrier  of  the  JFET  can 
be  seen  in  its  ability  to  handle  gate  biases  farther  above  threshold,  and  in  its 
lower  gate-to-drain  leakage.  The  gate-to-drain  leakage  component  in  the  JFET 
is  not  observable  in  Figure  3.19.  The  drain  current  for  VG  <  —0.5V  actually 
consists  of  drain-to-substrate  leakage,  rather  than  leakage  from  the  gate.  The 
gate-to-drain  leakage  component  due  to  thermal  generation  is  orders  of 
magnitude  smaller.  The  JFET’s  drain-to-substrate  leakage  component  will  be 
discussed  later  in  this  section. 

The  drain  current  in  the  MESFET  for  VG  <  —0.2  V  can  be  attributed 
directly  to  gate-to-drain  leakage  by  thermionic  emission.  The  minimum  of  280 
pA  in  the  VDS  —  1  V  drain  current  for  the  MESFET  corresponds  to  a  gate 
current  density  of  about  1.2X10~13  A/pm2.  This  means  that  if  the  leakage  rate 
scales  directly  with  area,  then  the  minimum  current  for  a  D10  pm  gate  would 
be  only  1.2  pA  at  room  temperature.  The  MESKET's  gate-to-drain  leakage 
component  depends  fairly  strongly  on  gate-to-drain  bias.  If  the  threshold 
voltage  of  the  MESFET  were  translated  to  -1.0  V,  Figure  3.20  shows  that  the 
minima  in  the  drain  current  characteristics  would  increase  by  more  than  an 
order  of  magnitude. 

As  expected  :nr  5  ,  \  gates,  neither  of  the  FETs  in  f  igures  3.19  and  3.20 

ln>v.  :ii,\  iiort  '•hatMui  <  !  1  <  Tin-  source  -to-draiu  li  akam  current  is 

independent  of  drain-lo  source  voltage.  Figure  3.21  shows  measured  drain 
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Figure  3.19  Measured  drain  current  versus  gate-to-source  voltage  for  an 
epitaxial  JFET  with  =  —0.25  V.  Gate  length  =  5  um,  effective 
width  =  300  fim,  gate  area  =  2500  /um2.  Subthreshold  swing  =  75 
mV/decade. 


Figure  3.20  Measured  drain  current  versus  gate-to-source  voltage  for  an 
epitaxial  (NH4)2S-treated  MESFET  with  VT  =  +0.3  V.  Gate 
length  =  5  fj,m,  effective  width  =  300  ^m,  gate  area  =  2500  fim2 . 
Subthreshold  swing  =  63  mV/decade. 
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current  versus  gate-to-source  voltage  for  a  0.25  p m  gate  JFET  in  which  the 
short  channel  effects  are  readily  apparent.  The  threshold  voltage  has  been 
increased  by  more  than  a  volt  compared  to  the  long-channel  JFET  with  the 
same  channel  depth  and  doping.  The  subthreshold  swing  has  increased  to 
1.92V/ decade,  corresponding  to  an  ideality  factor  of  32.  The  exhibited  variation 
of  the  threshold  voltage  with  drain-to-source  bias  implies  that  k  =  —0.48.  the 
minimum  drain  current  has  increased  by  three  orders  of  magnitude.  While  this 
transistor  is  not  optimized  and  its  effective  gate  length  may  be  less  than 
0.25  pm,  its  poor  subthreshold  performance  definitely  points  out  the  challenges 
in  designing  workable  sub-micron  DRAM  access  transistors. 

Figures  3.22  and  3.23  show  the  terminal  current  characteristics  of  a 
2*20  pm  gate  JFET.  In  the  first  figure,  the  substrate  is  tied  to  the  grounded 
source,  while  the  drain  is  at  one  volt.  The  drain-to-substrate  leakage  can  be 
seen  in  the  two  order-of-magnitude  difference  in  the  drain  and  source  currents 
for  Vq  <  —1.5  V.  With  the  substrate  and  source  both  grounded,  the  source 
current  consists  only  of  leakage  from  the  gate.  The  high  leakage  of  the  drain- 
to-substrate  diode  in  these  JFETs  can  be  attributed  to  spiking  of  the  contact 
alloy  through  the  channel  layer,  forming  a  Schottky  barrier  to  the  substrate. 
Future  JFET  designs  hope  to  avoid  this  difficulty  by  using  a  heavy,  shallow  re¬ 
type  implant  of  the  contacts  before  metal  deposition  to  reduce  the  need  for  a 
high-temperature  alloying  step. 

A  more  fundamental  problem  is  apparent  in  Figure  3.22.  Below  threshold 
the  gate  depletion  region  punches  through  to  the  substrate  and  a  large  gate-to- 
substrate  current  begins  to  flow.  Figure  3.23  shows  that  the  gate  punchthrough 
current  can  be  eliminated  by  biasing  the  substrate  with  the  gate.  When  the 
substrate  is  biased  with  the  gate,  both  the  drain  and  source  leak  to  the  substrate 
and  to  the  gate.  1  he  figure  shows  that  the  leakage  from  the  spiked  alloyed 
contacts  produces  a  substrate  current  of  >100  pA.  while  the  thermal-generation 
gate  current  is  down  at  the  detectability  limit  of  1  pA.  The  effects  of  gate-to- 
substrate  punchthrough  current  on  DRAM  cell  design  will  be  considered  in 
Chapter  1. 
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Figure  3.22  Measured  terminal  currents  in  a  2*20  /um  JFET  with  the  substrate 
grounded,  showing  gate-to-substrate  punchthrough  current. 
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Figure  3.23  Measured  terminal  currents  in  a  2*20  fim  JFET  with  the  substrate 
biased  with  the  gate. 


CHAPTER  4 


COMPLETE  DYNAMIC  MEMORY  CELLS 

4.1  Operating  Voltages 

Selection  of  operating  voltages  for  a  GaAs  FET-accessed  dynamic  memory 
cell  is  more  complicated  than  in  a  Si  design,  because  without  a  gate  insulator  the 
voltages  must  be  selected  to  avoid  significant  gate  currents.  The  gate  diodes  of 
JFET  and  MESFET  access  transistors  should  not  be  taken  too  far  into  forward 
or  reverse  bias.  During  read  and  write  sequences,  the  forward  bias  on  the  gate 
controls  the  capacitor- to-bitline  current,  and  thus  the  cycle  time.  In  the  storage 
state,  the  reverse  bias  on  the  gate  must  be  large  enough  to  reduce  the  capacitor- 
to-bitline  leakage  current  to  an  acceptable  value.  The  objective  of  this  section  is 
to  describe  wordline,  bitline,  and  logic-level  voltage  requirements  for  the  read, 
write,  and  storage  cycles  of  FET-accessed  cells. 

The  minimum  capacitor- to-bitline  current  necessary  during  read/write 
cycles  and  the  maximum  current  permissible  in  the  storage  state  will  be 
determined  by  the  amount  of  signal  charge  and  the  desired  cycle  times.  To 
achieve  maximum  speed  and  single-chip  capacity,  the  signal  charge  may  be  as 
small  as  100  fC.  To  compete  with  the  performance  of  other  technologies,  the 
read  and  write  times  must  be  near  one  nanosecond.  To  allow  a  1  KHz  refresh 
rate,  the  cell  must  retain  90%  of  the  stored  signal  charge  for  1  ms  over  the 
desired  operating  temperature  range.  These  figures  mean  that  the  access 
transistor  must  be  capable  of  supplying  capacitor-to-bitline  currents  ranging 
from  10  pA  to  hundreds  of  //A,  a  range  of  more  than  seven  orders  of  magnitude. 

In  order  to  obtain  such  a  large  range  of  currents,  the  gate  voltages  applied 
to  the  access  transistors  within  the  memory  array  will  have  to  vary  over  a  much 
larger  range  than  is  used  in  standard  GaAs  direct-coupled  logic.  The  logic-level 
voltages  used  within  the  memory  array  will  not  coincide  with  the  standard  logic 
levels  used  in  the  peripheral  circuitry.  The  sense-amplifiers  must  transform  the 
internal  memory  array  logic  levels  back  into  standard  values.  High  density 
silicon  dynamic  memories  are  often  constructed  similarly,  with  different  internal 
and  peripheral  logic  levels  [55 j . 
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In  this  discussion,  Von  is  defined  as  the  voltage  above  threshold  which  must 
be  applied  to  the  gate  to  achieve  the  desired  bitline-to-capacitor  current 
densities  during  reading  and  writing.  V0^  is  the  magnitude  of  the  voltage  below 
threshold  which  must  be  applied  to  the  gate  to  reduce  the  bitline-to-capacitor 
current  to  the  level  needed  during  the  storage  state.  VGM  is  defined  as  the 
maximum  forward  bias  which  can  be  applied  to  the  gate-to-eapacitor  or  gate- 
to-bitline  junctions  before  an  unacceptably  large  gate  current  begins  to  flow. 
Vh!gh  and  V]ow  are  the  logic  high  and  the  logic  low  voltages  internal  to  the 
memory  array.  The  threshold  voltage,  V-p ,  is  a  fixed  gate-to-source  value.  The 
logic  swing  is  defined  as  V^,gh  —  V)ow. 

The  cell’s  write  sequences  relate  the  logic  swing  to  the  threshold  voltage 
and  the  maximum  gate  forward  bias.  For  example,  to  write  a  one,  the  bitline  is 
taken  to  Vrjjlgil  and  the  transistor  is  turned  on.  The  transistor  must  remain  on 
until  the  capacitor  charges  up  to  Vblgh .  This  requires  that  the  gate  (the 
wordline)  be  held  at  +  VT  +  Von.  The  wordline  voltage  during  the  write 

cycle,  V w'L(on)  i  must  not  exceed  Vjow  +  VGM  to  prevent  excessive  gate  current  in 
other  cells  connected  to  the  same  wordline.  Thus: 

VWL(on)  =  Vhigh  +  VT  +  VOD  S  V]ow  +  VGM  J4.1] 

V high  —  V,ow  VGM  —  VT  —  Vou  [4.2] 

VGM  is  established  by  the  access  transistor  type.  Typical  values  might  be  0.6  V, 
0.8  V,  1.3  V,  and  1.4  V  for  MESFETs,  treated-gate  MESFETs,  JFETs,  and 
heterojunction  JFETs,  respectively.  VOD  is  selected  from  the  access  transistor’s 
Ids* versus-VGs  characteristics  to  satisfy  the  write  cycle  time  requirements,  and 
must  typically  be  greater  than  0.4  V.  Equation  4.2  shows  that  once  VGM  and 
Voa  are  established,  making  the  threshold  voltage  more  positive  directly  reduces 
the  logic  swing. 

Consideration  of  the  storage  state  places  a  minimum  value  on  the  logic  low 
voltage.  During  the  storage  state,  the  bitline  will  be  at  its  precharge  level 
between  Vjow  and  V^h,  so  the  gate-to-source  bias  will  always  be  more  negative 
than  V\vpp)tT)  —  V[ovv.  To  keep  the  capaoitor-to-bitlinc  leakage  at  an  allowable 
value,  the  gate-to-source  bias  must  be  more  negative  than  V-p  —  V(iff,  so: 


WI.fr; tl)  ~  bo« 

V  T  —  VoSf 

4.3 

low  ''  ^  WL(off)  + 

^otf  “  ^  T 

4.1 

The  word  line  voltage  during  the  off  state  must  be  chosen  to  be  the  same  as  the 
■  ubsirate  voltage  to  prevent  the  large  gato-to-subst  rate  puncht  hrough  current 
described  in  Section  3. It.  Defining  the  grounded  substrate  potential  as  zero, 
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equation  4.4  becomes: 

'•  low  -  V„ff  —  VT  4.5' 

The  value  necessary  for  Voff  is  determined  by  the  subthreshold  swing  and  the 
acceptable  capacitor-to-bitline  leakage  in  the  storage  state.  4s  described  in  the 
previous  chapter,  the  subthreshold  swing  depends  on  threshold  voltage,  gate-to- 
channel  barrier  height,  channel  doping,  gate  length,  and  temperature.  A 
conservative  estimate  of  subthreshoid  ideality  factor  is  1.4,  corresponding  to  a 
subthreshold  swing  of  84  mV  decade  at  300  K.  Assuming  that  the  leakage 
current  in  the  storage  state  must  be  six  orders  of  magnitude  less  than  at 
threshold,  and  that  the  devices  must  work  at  400  K,  a  conservative  estimate  for 
V0g-  is  0.675  V. 

Treating  relations  4.1,  4.2,  and  4.5  as  equalities,  Viow,  Vhlgb,  and  VWL(onj 
can  be  plotted  a 3  a  function  of  threshold  voltage,  using  Von,  V0£,  and  Vqm  as 
parameters.  Figures  4.1  and  4.2  show  these  relationships  for  a  MESFET  and  a 
JFET.  Both  plots  use  Vo3-  —  0.675  V  and  V,jn  =  0.5  V.  For  the  MESFET, 

'•  CM  =  d.6  and  for  the  JFET.  =  1.3  V.  In  both  cases,  VWL(off)  is 

required  to  be  zero.  For  a  specified  logic  swing,  there  is  an  upper  limit  on  the 
threshold  voltage  for  each  type  of  transistor.  For  Von  -  0.5  V  and  a  minimum 
logic  swing  of  0.5  V,  the  figures  show  that  the  most  positive  MESFET  threshold 
i«  -0.4  V.  ami  the  most  positive  JFET  threshold  is  -0.3  V.  Similarly,  the 
minimum  logic  iuw  voltage  is  1.075  V  for  the  MESFET  and  0.375  fot  the  JFET. 

For  a  'peeified  logic  -wing,  shifting  the  threshold  negatively  will  allow 
larger  values  of  V  .  .  This  increases  capacitor-to-bitline  current  during  reading 
and  writing.  However,  more  negative  threshold  voltages  also  require  larger 
values  for  V  w.  V'r;gh,  and  V w i ,  r,(.  V’wi.toff)  must  remain  at  ground,  so 

increasing  \\V1  _  OBj  increases  the  wordline  voltage  swing,  which  will  eventually 
increase  the  cycle  time.  The  wordline-to-rapacitor  leakage  in  the  "stored  one" 
-late  increases  with  V;..gb .  A  maximum  lower  limit  on  the  threshold  is  reached 
when  the  logic  high  voltage  reaches  the  gate  junction  breakdown  limit.  A 
second-order  detrimental  <■!!«.:  of  more  negative  threshold  voltages  is  decreased 
subthreshold  slope,  as  described  in  trie  previous  chapter. 

Summarizing,  given  a  transistor  type,  signal  charge,  desired  cycle  times, 
and  operating  temperature  range,  the  values  for  \V;m,  Vj,:,.  and  \',.:y  are 

approximately  fixed.  V Wi.,  is  required  to  be  zero.  The  necessary  logic  swing 
is  f.yed  by  the  sense  amplifier  design,  placing  an  upper  limit  on  the  threshold 
voltage.  '[  he  i-\act  target  for  Hie  threshold  voltage'  below  this  limit  is 

determined  by  considering  ’  i"  etler:-  of  its  variation  on  operating  speed  and 
storage  t  irne. 
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4.2  Cell  Configurations 

This  section  will  discuss  physical  cell  configurations  for  JFET  and  MESFET 
direct-access  dynamic  memory  cells.  Because  the  PN-j unction  capacitor  does 
not  require  a  surface-deposited  insulator,  there  are  a  variety  of  conceivable  ways 
to  stack  capacitors  and  transistors  to  reduce  the  effective  cell  dimensions.  The 
major  disadvantage  of  such  three-dimensional  stacking  schemes  is  that  parasitic 
capacitances  are  greatly  increased  and  speed  performance  is  reduced.  As 
discussed  in  the  first  chapter,  the  targeted  applications  of  the  GaAs  dynamic 
memory  emphasize  ultra-high  speed  at  only  moderate  density,  so  three- 
dimensional  configurations  which  require  doped  layers  directly  beneath  the 
access  transistor  will  not  be  considered  here. 

The  layers  underlying  the  cell  will  not  be  included  in  the  diagrams  or 
discussion  for  simplicity.  The  short-channel-effect-inhibiting  depleted  P  layer 
can  be  added  below  the  channels  of  the  FETs  in  all  of  the  following  designs. 
AlGaAs  layers  or  low-temperature  buffer  layers  for  alpha  particle  protection  and 
suppression  of  backgating  could  be  included  in  the  epitaxial  designs.  It  is 
assumed  that  all  of  the  cells  are  constructed  on  semi-insulating  substrates  or  on 
doped  substrates  with  a  thick  (more  than  1  //m)  undoped  epitaxial  buffer  layer. 

Conceptually,  the  simplest  way  to  connect  a  field-effect  access  transistor  to 
a  PN-junction  capacitor  is  to  allow  the  channel  of  the  FET  to  also  form  the 
floating  N  region  of  the  capacitor.  An  example  of  such  a  design  using  a  JFET 
access  transistor  is  diagramed  in  Figure  4.3.  This  design  is  compact  and  simple, 
and  it  can  be  constructed  without  ion  implantation  using  JFET  or  HJFHT 
access  transistors.  Such  cells  have  been  fabricated  to  demonstrate  the  feasibility 
of  FET  direct  access,  but  they  suffer  from  a  speed  limitation  which  makes  them 
impractical  for  real  applications.  When  a  logic  "one"  is  written  to  the  cell  by 
removing  electrons  from  the  floating  \  region,  parasitic  transistor  action  in  the 
capacitor  tends  to  pinch-off  the  channel  nearest  to  the  access  transistor,  greatly 
increasing  the  write  time.  This  parasitic  transistor  problem  points  out  the  need 
for  cell  designs  in  which  the  transistor  and  the  capacitor  can  be  optimized 
separately. 

One  way  to  separately  design  the  capacitor  and  channel  in  epitaxial  cells  is 
to  form  them  in  different  layers  and  connect  them  with  a  metal  line.  This 
cunligura'  ion  i-  shown  in  I  igure  1.1.  The  cell  is  somewhat  less  compact  m  cause 
of  the  addition  of  the  ohmic  contacts  and  metal  line,  hut  the  charge  storage 
density  of  the  capacitor  is  effectively  doubled  due  to  the  use  of  both  the  upper 
and  iow#  r  j ;; :  ,<■'  :<  u .  -.  I' he  on  'tacit  a  rice  of  the  low,  r  j  u  net  ion  only  c,  •  rt  bn  !<  ~  '  <  > 
:  he  operation  of ‘he  cell  if  the  lower  F  is  connected  to  the  tipper  1'  layer.  In 
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Figure  4.3  A  simple  epitaxial  dynamic  memory  cell  with  the  transistor 
channel  forming  the  floating  N  region  of  the  storage  capacitor. 


Capacitor  Plate  Connection 


i 


Figure  4.4  An  epitaxial  cell  design  with  the  transistor  and  capacitor  formed 
from  separate  layers  and  connected  by  a  metal  line. 
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Figure  4.4,  both  the  capacitor  isolation  and  the  connection  of  the  upper  and 
lower  plates  are  accomplished  simultaneously  by  using  a  deep  Pf  implant. 
The  isolation  could  be  done  by  etching,  but  then  the  lower  P+  layer  would 
require  an  additional  ohmic  contact. 

The  addition  of  the  alloyed  contacts  to  the  floating  N  region  may  increase 
the  number  of  generation  sites  and  reduce  the  storage  time  of  the  cell.  However, 
test  structures  with  such  alloyed  contacts  have  already  demonstrated  storage 
times  of  many  seconds  at  room  temperature,  as  will  be  reported  in  the  following 
section. 

In  the  cell  configuration  of  Figure  4.4,  the  transistor  and  the  capacitor  are 
composed  of  separate  layers,  so  that  the  transistor  choice  is  unconstrained.  The 
transistor  could  be  an  enhancement  or  depletion  JFET,  HJFET,  MESFET,  or 
even  a  MODFET.  Non-epitaxial-gate  FETs,  such  as  MESFETs  and  implanted 
JFETs,  can  also  obtain  the  same  independence  of  threshold  voltages  in  the 
transistor  and  capacitor  by  making  use  of  recessed  gates,  as  is  shown  in  Figure 
4.5.  In  the  recessed-gate  configurations,  the  capacitor  consists  of  a  single  N+P  + 
junction.  The  N"  layer  ensures  that  the  parasitic  transistor  action  which  slows 
devices  like  Figure  4.3  will  not  occur.  The  N+  layer  also  allows  formation  of  low 
resistance  bitline  contacts.  Short-channel  epitaxial  recess-etched  MESFETs  of 
the  type  shown  in  Figure  4.5a  have  demonstrated  very  high  transconductances 
56].  Experimental  results  from  this  type  of  device  will  be  presented  in  the  next 
section. 

As  shown  in  Figure  4.5b,  it  is  also  possible  to  ion  implant  the  gate  of  a 
recess-etched  JFET  cell.  This  cell  retains  the  compactness  of  the  cell  shown  in 
4.3  without  the  speed  limitations.  The  only  penalties  incurred  compared  to  the 
cell  of  Figure  1.3  are  increased  generation  leakage  from  the  ion-implanted  gate 
and  the  added  complexity  of  threshold  control  with  both  a  recess  etch  and  an 
implanted  gate. 

All  of  the  cell  configurations  considered  to  this  point  have  used  epitaxially- 
grown  layers  and  capacitors  with  P*  layers  overlying  most  or  all  of  the  floating 
N  regions.  It  is  also  possible  to  design  planar,  non-cpitaxial  cells  completely 
produced  by  ion  implantation.  Figure  4.6  shows  MESFET  and  JFET  accessed 
versions  of  all-implanted  cells.  These  cells  offer  an  important  advantage  beyond 
planarity  and  non-opitaxial  fabrication.  The  implanted  P  layer  below  the 
floating  N  region  in  the  capacitor  terminate;  the  field  due  to  the  stored  charge:. 
The.*  generation  volume  is  restricted,  so  that  the  defects  and  generation  sites  in 
the  undoped  material  below  the  capacitor  cannot  limit  the  storage  time. 
Perhaps  more  importantly,  the  collection  volume  for  ionized  carriers  created 
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Figure  4.5  Dynamic  memory  cells  using  recess-etched  gates. 
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a)  MESFET  version 
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b)  JFET  version 

Figure  4.6  Planar  ion-implanted  dynamic  memory  cell  configurations. 


during  an  alpha  particle  strike  is  greatly  reduced,  resulting  in  improved 
immunity  from  soft  errors. 

Additionally,  the  charge  storage  density  in  the  all-implanted  cells  could  be 
increased  by  the  addition  of  a  deposited  insulator  and  grounded  metal  or 
polysilicon  plate  above  the  floating  N  layer,  as  shown  in  Figure  4.7.  The  MIS 
capacitor  is  not  required  to  exhibit  accumulation/depletion/inversion  behavior, 
because  the  N"*  region  still  provides  majority  carriers  to  form  the  signal  charge. 
The  only  requirements  on  the  MIS  capacitor  are  that  it  does  not  introduce  large 
leakage  currents  and  that  its  fabrication  sequence  is  compatible  with  GaAs 
processing.  Such  an  MIS  capacitor  has  already  been  demonstrate  using  Si3N4  as 
an  insulator  for  use  in  capacitor-FET  logic  for  GaAs  static  memories  [57 j.  The 
cell  configuration  in  Figure  4.6  is  identical  in  form  and  function  to  the 
grounded-plate  Hi-C  Si  dynamic  memory  cell  design  [58 j,  with  the  exception  of 
the  MESFET  or  JFET  access  transistor  replacing  the  Si  MOSFET. 

All  of  the  cell  configurations  shown  in  Figures  4.4  through  4.7  have  features 
which  could  recommend  them  for  use  in  certain  applications.  The  metal- 
connected  JFET  and  HJFET  ceils  offer  epitaxial  transistors  and  high  charge 
capacity  per  unit  area.  The  recess-etched  structures  offer  a  very  compact  cell 
design  with  high-speed  transistors.  The  ion-implanted  structures  offer  planar 
design,  independence  from  epitaxy,  and  improved  alpha-particle  immunity.  The 
major  individual  components  of  all  these  designs  have  already  been 
demonstrated,  as  shown  in  Chapter  2  and  in  the  following  section. 

4.3  Experimental  Demonstration  of  Complete  Dynamic  Memory  Cells 

The  first  demonstration  of  a  complete  GaAs  dynamic  memory  cell  with  a 
directly-connected  access  transistor  used  the  configuration  shown  in  Figure  4.3. 
The  channel  was  2500  A  thick  with  a  doping  of  1.2*1017  cm""3,  resulting  in  a 
threshold  voltage  near  -IV.  The  1.5  pm  thick  epitaxial  layer  under  the  channel 
was  doped  to  approximately  1016  cm-3  P  type,  on  a  P+  substrate.  Ohmic 
bitline  contacts  were  made  with  alloyed  AuGe.  The  wordline  and  capacitor 
plate  contacts  were  electron-beam  evaporated  Ti/Au. 

The  storage  time  of  the  cell  was  tested  by  applying  a  bias  pulse  directly  to 
the  capacitor  plate  to  dump  electrons  from  the  N  region.  The  capacitance- 
recovery  transient  was  observed  with  the  bitline  and  wordline  floating,  and  with 
the  bitline  grounded  and  the  transistor  turned  on  and  off.  The  capacitance- 
recovery  transients  for  these  three  conditions  are  shown  in  Figure  4.8.  When  the 
bitline  and  word  line  are  both  floating,  a  storage  time  of  about  5  seconds  is 
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Figure  4.7  Ion-implanted  cell  with  MIS  capacitor  for  increased  charge-storage 
density. 
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.8  Capacitance-recovery  transients  for  a  JFET-isolated  cell  with  a 
doped  buffer  layer.  A  one-second  dump  pulse  is  applied  to  the 
capacitor  just  prior  to  t  =  0. 

a)  bitline  grounded,  transistor  on 

b)  bitline  and  wordiine  floating 

c)  bitline  grounded,  transistor  off 
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observed  at  room  temperature.  With  the  bitline  grounded  and  the  transistor 
turned  on,  the  storage  well  is  immediately  refilled  with  electrons,  and  the 
recovery  transient  is  abrupt.  With  the  bitline  grounded  and  the  transistor 
turned  off,  the  storage  time  increases  to  about  40  seconds.  The  increase  in 
storage  time  from  the  case  with  the  bitline  and  wordline  floating  to  the  case 
with  the  bitline  grounded  and  the  transistor  turned  off  indicates  that  leakage 
from  generation  around  the  alloyed  bitline  contact  is  larger  than  the 
subthreshold  transistor  leakage.  The  linearity  of  the  recovery  transient  when 
the  transistor  is  turned  off  suggests  that  the  storage  time  is  being  limited  by 
transistor  leakages,  because  the  transistor  leakage  currents  are  less  sensitive  to 
the  potential  of  the  floating  N  region. 

It  is  not  practical  in  large  dynamic  memory  arrays  to  have  an  undepleted 
doped  layer  lying  under  the  access  transistor  and  bitline  contact  because  of  the 
parasitic  capacitances  introduced.  The  simple  JFET-isolated  configuration  of 
Figure  4.3  was  also  fabricated  from  a  MBE-grown  film  with  dimensions  and 
dopings  as  shown  in  Figure  4.9  (59 j.  The  thick  1O10  cm-3  doped  buffer  layer 
used  in  the  first  set  of  devices  was  replaced  by  a  completely-depleted  500  A  P 
layer  doped  at  1017  cm-3  and  a  1  fj.ni  undoped  buffer.  5000  A  of  a  P+  material 
was  grown  below  the  intrinsic  buffer  to  screen  any  generation  centers  at  the 
substrate  interface.  The  channel  doping  was  increased  to  4*1017  cm-3,  and  its 
thickness  was  reduced  to  1300  A,  maintaining  a  threshold  voltage  near  -1  V. 
The  intrinsic  buffer  layer  results  in  a  large  generation  volume,  and  the  storage 
time  of  ungated  test  capacitors  was  only  a  few  seconds  at  room  temperature. 
The  implications  of  the  reduced  storage  times  and  possible  remedies  will  be 
discussed  in  the  next  chapter. 

A  surface  view  of  the  cell  layout  is  shown  in  Figure  4.10.  Two  separate 
capacitor  plates  are  included  to  allow  surface-to-surface  capacitance 
measurement,  because  the  intrinsic  buffer  layer  makes  the  surface-to-substrate 
capacitance  very  small.  The  ring  gate  is  intended  to  separate  the  storage  region 
from  the  isolation-mesa  edge,  and  to  allow  the  gate  to  remain  entirely  on  the 
mesa.  The  additional  alloyed  contact  to  the  N  region  allows  direct  measurement 
of  the  transistor  characteristics.  The  area  of  the  storage  capacitors  is 
6X104  pm2.  The  inside  perimeter  of  the  gate  is  1120  pm. 

Figures  4.11  and  4.12  show  digitized  copies  of  experimental  data  illustrating 
read  and  write  sequences  for  the  cell.  In  Figure  4.11,  information  is  written  to 
the  cell  through  the  access  transistor  while  the  charge  state  of  the  cell  is 
monitored  through  its  capacitance.  A  high  or  low  potential  on  the  bitline  is 
gated  to  the  cell  during  the  narrow  gate  pulses  which  briefly  turn  the  transistor 
on.  If  the  bitline  is  at  the  higher  potential  when  the  transistor  is  turned  on, 
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Figure  4.9  Dopings  and  dimensions  MBE  film  for  intrinsic-buffer  JFET- 
accessed  dynamic  memory  cells. 


Figure  4.10  Layout  of  JFET-accessed  ring-gate  test  device. 
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Figure  4.11  Demonstration  of  writing  the  JFET-accessed  cells  through  the 
transistor. 
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Figure  4.12 


Demonstration  of  reading  the  JFET-accessed  cells  through  the 
transistor. 
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electrons  are  extracted  from  the  well,  and  the  capacitance  is  reduced.  When  the 
gate  bias  is  returned  to  -1.6  V,  the  transistor  is  shut  off,  and  the  capacitor 
retains  a  positive  charge.  The  small  upward  transient  during  the  "store  l"  state 
is  due  to  leakages.  When  the  bitline  is  returned  to  ground  and  the  transistor  is 
turned  on,  the  capacitor  is  immediately  restored  to  its  equilibrium  state. 

Figure  4.12  demonstrates  reading  the  cell  through  the  access  transistor. 
The  dump  pulse  is  applied  directly  to  the  capacitor  plate  contacts,  and  the 
upper  trace  is  the  output  of  a  low-capacitance  active  probe  monitoring  the 
potential  of  the  bitline  contact.  When  the  transistor  is  turned  on  after  electrons 
have  been  removed  from  the  floating  N  region,  the  bitline  jumps  to  a  positive 
potential  as  electrons  are  pulled  from  bitline  to  capacitor.  When  the  transistor 
is  turned  on  with  no  prior  dump  pulse,  the  bitline  jumps  to  a  much  lower 
potential  as  carriers  redistribute  under  the  gate  depletion  region.  The  narrow 
negative  spikes  when  the  gate  turns  off  are  also  due  to  gate  depletion  region 
redistribution.  The  decay  of  the  bitline  potential  while  the  transistor  is  on  is 
caused  by  charge  leaking  through  the  finite  input  impedance  of  the  active  probe. 
The  sense  amplifier  must  distinguish  between  the  initial  bitline  potentials 
corresponding  to  a  stored  1  and  a  stored  0. 

Figure  4.13  shows  the  capacitance-recovery  time  constant  of  a  JFET- 
accessed  cell  versus  temperature.  The  measurement  was  made  by  gating  a  0.5  V 
bitline  bias  to  the  cell  and  then  returning  the  gate  to  -1.7  V  and  observing  the 
capacitance-recovery  transient,  with  the  capacitor  plates  and  the  substrate  held 
at  ground.  The  storage  time  decreases  exponentially,  reaching  100  ms  at  70  °  C. 
The  activation  energy  is  0.63  eV. 

The  write-and-store  sequence  illustrated  in  Figure  4.11  uses  both  positive 
and  negative  power  supplies.  The  wordline  is  held  at  a  large  negative  bias  with 
respect  to  the  grounded  substrate  during  storage.  This  means  that  during  the 
storage  state,  the  large  gate-to-substrate  punchthrough  current  documented  in 
Section  3.3  will  be  present.  To  avoid  the  punchthrough  current  and  to  require 
only  a  positive  power  supply,  the  logic  low  voltage  must  be  shifted  positively 
from  zero,  as  described  in  Section  4.1.  Figure  4.14  illustrates  the  write-and- 
storage  sequence  for  the  same  JFET-accessed  device  using  realistic  operating 
voltages.  The  bitline  trace  shows  that  the  logic  low  value  has  been  shifted  to 
1.5  V,  and  the  logic  high  has  become  +2.2  V.  The  wordline  is  held  at  ground 
during  the  storage  state  and  goes  to  +2.3  V  to  write  information  to  the  cell. 
The  capacitor  plate  contact  is  held  at  the  logic-low  voltage  of  1.5  V.  To  hold 
both  capacitor  plates  at  a  IK'  bias,  the  measurement  set-up  requires  tin' 
capacitance  to  be  monitored  from  surface-to-substrate,  rather  than  from 
surfacc-to-surfacc.  This  results  in  a  very  small  signal  which  is  easiiy  affected  by 
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Figure  4.14  Write- and-storage  spquence  for  a  JFET-accessed  cell  using 
positively-shifted  logic  levels. 
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ringing  and  capacitively-coupled  noise,  but  the  actual  stored  charge  is  not 
reduced  compared  to  the  conditions  of  Figure  4.11. 

As  mentioned  in  the  previous  section,  the  simple  JFRT-accessed 
configuration  of  Figure  4.3  is  not  a  practical  cell  for  a  high-speed  dynamic 
memory  because  parasitic  transistor  action  in  the  capacitor  greatly  increases  the 
time  needed  to  pull  electrons  from  the  storage  region.  For  example,  when  the 
narrow  gate  pulses  in  Figure  4.11  or  4.14  are,reduced  to  less  than  about  10  f.is, 
the  response  of  the  capacitor  starts  to  decrease.  SPICE  simulations  confirm  that 
this  is  the  result  of  the  capacitor’s  N  region  pinching  off  near  the  access 
transistor,  creating  a  voltage  drop  which  impedes  the  removal  of  the  remaining 
electrons  60j. 

Recessed-gate  MESFET  accessed  cells  of  the  type  shown  in  Figure  4.5a 
have  also  been  demonstrated.  For  the  fabrication  of  the  MESFET  devices,  the 
JFET  film  design  shown  in  Figure  4.9  was  modified  by  the  insertion  of  a 
1000  A  N"  layer  and  a  300  A  intrinsic  buffer  layer  between  the  channel  and  the 
P""  layer  on  top.  The  channel  layer  thickness  was  also  increased  to  lSG^f'A,  but 
the  final  channel  thickness  is  determined  by  the  depth  of  the  recess  etch.  The 
gates  consist  of  electron-beam  evaporated  Au-Ti-Au.  Gold  was  chosen  as  the 
metal  to  contact  the  GaAs  because  it  has  demonstrated  increased  Schottky- 
barrier  heights  using  the  (NH4)2S  treatment.  The  complete  cells  which  have 
been  fabricated  to  date,  and  which  are  reported  here,  use  untreated  gates.  The 
gold  gates  will  allow  direct  comparison  with  future  devices  employing  the 
( NH.,  )2S  treatment.  < 

it — 

Figure  4.15  shows  a  write-and-storage  sequence  for  a  MESFET-accessed 
device  at  room  temperature.  The  cell  has  a  ring  gate  layout  similar  to  T’igure 
4.10.  The  write-and-storage  sequence  of  Figure  4.15  uses  positively-shifted  logic 
voltages  so  that  the  wordline  is  at  ground  during  storage,  eliminating  gjite-to- 
snbstrat.e  punchthrough  current.  The  N 1  layer  in  the  recess-etched  MESFET 
.structure  reduces  the  wordline  contact  resistance  and  eliminates  the  parasitic 
transistor  action  which  slowed  the  "write  i"  operation  in  the  JFET-accessed 
cells.  The  width  of  the  wordline  pulses  used  to  write  information  to  the  cell 
could  be  reduced  to  less  than  100  ns,  which  was  the  limit  of  the  measurement 
set-up,  without  loss  of  functionality. 

The  longest  storage  time  measured  for  these  untreated  MESFET-accessed 
devitVs  is  only  about  80  ms  at  room  temperature.  However,  the  activation 
energy  of  the  storage-time-limiting  gate  leakage  is  very  low,  typically  less  than 
0.5  e\  .  The  minimum  drain  current  achieved  by  a  MESFET  access  transistor 
iti(Te ,is<-s  by  only  an  order  of  magnitude  from  room  temperature  to  100  G.  If 
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Figure  4.15  Write-and-storage  sequence  for  a  ME SFET- accessed  cell  using 
positively-shifted  logic  levels. 
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the  tenfold  decrease  in  the  current  observed  with  (NH4)2S-treated  gold  Schottky 
barriers  can  be  achieved  in  the  access  transistor  gates,  MESFET-accessed  devices 
should  be  capable  of  operating  well  above  room  temperature. 
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CHAPTER  5 

RECOMMENDATIONS  FOR  FUTURE  RESEARCH 


6.0  Introduction 

Several  important  existence  proofs  of  key  features  necessary  for  a  useful 
GaAs  dynamic  memory  technology  have  been  reported  in  the  previous  chapters. 
Individual  etch-isolated  storage  capacitors  have  been  demonstrated  which 
simultaneously  provide  high  charge-storage  density  and  sufficient  storage  times 
to  allow  operation  at  high  temperatures  (>125  °  C)  even  with  minimum-sized 
devices  (<4*4pm2).  An  ion-implanted  capacitor  has  been  demonstrated  with  a 
storage  time  of  greater  than  100  ms  up  to  70  °  C.  All-epitaxial  JFET-accessed 
complete  memory  cells  have  also  shown  100  ms  storage  times  up  to  70  °  C. 
Untreated  recessed-gate  MESFET  cells  have  been  demonstrated  at  room 
temperature  with  very  short  read  and  write  time  requirements.  The  remaining 
challenge  is  to  put  the  individual  pieces  together  to  produce  complete  cells  that 
are  at  once  fast,  compact,  and  capable  of  working  at  high  temperatures. 

6.1  Improving  the  Experimental  Cells 

The  two  complete  cell  designs  which  have  presently  been  demonstrated 
suffer  from  two  individual  problems  and  one  common  problem.  The 
demonstrated  all-epitaxial  JFET-accessed  cells  are  not  realistically  usable 
because  of  the  long  write  times  caused  by  parasitic  transistor  action  in  the 
capacitor.  The  experimental  MESFET-accessed  devices  have  insufficient  storage 
time  for  operation  above  room  temperature  due  to  large  gate  leakage  over  the 
small  gate- to- channel  barrier.  The  common  problem  of  both  cells  is  the  short 
storage  times  caused  by  the  large  generation  volume  in  the  undoped  buffer 
regions  below  the  storage  capacitors. 

The  parasitic  transistor  action  in  the  JFET  cell  can  be  eliminated  by 
switching  from  the  present  all-epitaxial  configuration  (Figure  4.3)  to  a 
combination  of  epitaxy  and  ion  implantation  as  in  the  recess-gate  cell  of  Figure 
4.5b.  The  leakage  from  the  implanted  gate  should  be  low  enough  to  permit 
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excellent  storage  times  if  the  results  reported  in  reference  47  can  be  duplicated. 
The  large  gate  leakage  of  the  MESFET-accessed  cell  should  be  reduced  by  the 
ammonium-sulfide  Schottky  barrier  treatment  of  reference  19. 

The  precise  reason  for  the  reduced  storage  times  in  the  capacitors  of  the 
complete  memory  cells  is  not  presently  understood.  The  very  small  thickness  of 
the  upper  P+  layer  could  be  somehow  reducing  the  storage  times,  but  this 
doesn’t  appear  to  be  the  case,  because  the  thickness  was  increased  from  500A  in 
the  JFET  cells  to  700A  in  the  MESFET  cells  with  no  corresponding  performance 
improvement.  Theoretically,  the  storage  time  should  scale  with  the  doping  in 
lightly-doped  devices  where  field-enhanced  generation  is  not  significant. 
Comparison  with  results  from  Section  2.2.5  shows  that  to  explain  the  observed 
results,  the  background  doping  in  the  unintentionally-doped  buffer  layer  would 
have  to  be  lower  than  2x1014cm~3,  which  is  a  reasonable  number  for  high- 
quality  MBE-grown  GaAs.  However,  a  confusing  experimental  detail  about  the 
capacitors  with  undoped  buffer  layers  is  the  relatively  low  activation  energy, 
0.63  eV,  measured  for  the  JFET-accessed  cells  as  shown  in  Figure  4.13.  If  the 
limiting  generation  is  coming  from  the  lightly-doped  lower  junction,  perimeter 
generation  should  dominate  and  the  activation  energy  should  be  0.79eV. 

To  build  useful  versions  of  the  recessed-gate  cells  shown  in  Figure  4.5,  the 
short  storage  time  of  the  capacitors  on  undoped  buffer  layers  must  be  improved 
or  at  least  understood.  Three  experiments  which  might  provide  useful 
information  are: 

1)  Using  a  mask  set  with  capacitors  all  of  large  area  but  with  widely 
varying  perimeters,  measure  storage  time  performance  versus  perimeter- 
to-area  ratio.  This  should  determine  if  the  devices  are  being  limited  by 
perimeter  generation  or  by  generation  at  defect  sites  in  the  bulk.  The 
large  area  of  the  test  capacitors  must  be  maintained  because  of  the  low 
surface-to-substrate  capacitance  of  the  devices. 

2)  Check  the  effects  of  a  thin  upper  P+  layer  by  thinning  existing 
p+N+P+  or  P  +  iN+iP+  films,  or  by  growing  a  new  film  identical  to  the 
JFET  film  of  Figure  4.9  but  with  the  undoped  buffer  removed. 

3)  Attempt  to  reduce  the  surface  generation  in  the  undoped  layer  by 
using  an  AlGaAs  layer  under  the  channel.  The  present  design  uses  a 
shallow  mesa  etch  to  isolate  the  capacitors  which  results  in  a  large 
surface-generation  area  as  shown  in  Figure  5.1.  An  AlGaAs  layer  inserted 
under  the  channel  could  reduce  the  surface  generation  and  improve  the 
storage  time,  as  was  observed  for  the  buried-well  devices  of  Figure  2.15. 

An  AlGaAs  layer  could  also  act  as  an  etch  stop  to  minimize  the  is  •lation- 
mesa  step  size,  as  diagramed  in  Figure  5.2,  and  an  AlGaAs  layer  under 
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Undoped 


Figure  5.1  Dynamic  memory  cell  capacitor  on  an  undoped  buffer  layer 
showing  surface-  generation  sites. 


Undoped  GaAs 


Figure  5.2  Dynamic  memory  cell  capacitor  with  an  AlGaAs  layer  as  an  etch 
stop  and  surface-passivation  layer. 
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the  channel  has  been  shown  to  be  beneficial  in  suppressing  short  channel 
effects  in  FETs  [54 j. 

Even  if  the  generation  rate  can  be  reduced  so  that  scaling  of  the  capacitors 
to  small  dimensions  is  possible,  the  problem  of  high  alpha-particle  collection 
efficiency  will  remain.  This  problem  will  have  to  be  combatted  by  maintaining 
a  robust  signal  charge  and  reducing  radiation  sources  to  a  minimum. 


5.2  Continued  Ion-Implantation  Research 

The  ion-implanted  cell  configurations  of  Figures  4.6  and  4.7  are  attractive 
for  several  reasons.  They  have  a  cost  advantage  because  they  require  no 
epitaxy.  They  are  planar  for  improved  manufacturability.  Perhaps  most 
importantly,  the  grounded  P  region  under  the  N  region  in  the  capacitor  results 
in  a  very  small  generation  volume  compared  to  the  cells  described  in  the  last 
section.  This  means  that  alpha-particle  immunity  should  be  greatly  improved, 
and  that  only  those  defects  within  the  implanted  region  can  contribute  to 
generation. 

The  ion-implanted  capacitor  results  reported  so  far  have  been  encouraging, 
but  much  work  remains  to  be  done.  The  relative  importance  of  the  perimeter 
and  bulk  generation  components  in  ion-implanted  capacitors  must  be 
established  to  predict  scaling  effects  on  storage  time.  Continued  efforts  are 
needed  to  understand  the  effects  of  implanting  and  annealing  conditions  and 
procedures  on  storage-time  performance.  Specifically,  experimental  correlations 
of  activation  percentages  in  the  P  and  N  layers  with  storage  time  are  needed  to 
assess  how  much  more  performance  improvement  can  be  expected. 

The  Mg  and  Si  implantation  experiments  described  in  Section  2. 2. 7. 2  used 
a  P  +  layer  implanted  over  an  N  layer,  which  is  the  opposite  order  required  for 
the  cells  shown  in  Figures  4.6  and  4.7.  The  effects  of  reversing  the  order  of  the 
implants  needs  to  be  experimentally  examined.  Complete  ion-implanted  cells 
need  to  be  designed,  fabricated,  and  tested. 

If  the  leakage  rate  in  the  ion-implanted  capacitors  cannot  be  reduced 
sufficiently  to  allow  satisfactory  scaling,  then  a  hybrid  structure  using  epitaxy 
and  implantation  might  be  beneficial.  Such  a  device  using  an  implanted  FET 
with  an  epitaxial  capacitor  is  shown  in  Figure  5.3.  The  area  of  the  implanted 
transistor  contact  can  be  minimized  while  the  epitaxial  capacitor  provides  a 
large  charge  storage  capacity.  The  storage  time  might  be  improved  by  as  much 
as  an  order  of  magnitude  over  a  design  in  which  the  entire  capacitor  is  formed 
by  implantation. 
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Figure  5.3  A  hybrid  cell  using  an  implanted  transistor  and  an  epitaxial 
capacitor. 
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5.4  Experimental  Investigation  of  Transistor  Scaling  Effects 

The  perimeter  or  area  dependence  of  the  gate  leakage  current  in  both  the 
MESFETs  and  the  JFETs  needs  to  be  experimentally  established.  If  the  gate 
leakage  scales  with  the  area  of  the  gate,  then  improved  performance  can  be 
obtained  by  reducing  the  gate  length  until  short  channel  effects  make  bitline- 
to-capacitor  leakage  the  limiting  factor.  The  capacitor-area-to-gate-area  ratio 
in  the  experimental  ring-gate  MESFET  devices  is  about  3.75:1.  In  a  cell  with  a 
10x10/im2  capacitor  and  a  10xlum2  gate,  the  ratio  would  be  10: 1,  so  the 
present  experimental  device  is  a  worst-case  test  of  gate  leakage  if  the  leakage 
scales  with  area.  However,  the  ratio  of  capacitor  area  to  the  inner  perimeter  of 
the  gate  in  the  experimental  devices  is  about  50:l/xm.  In  the  10x10/zm2  cell  this 
ratio  would  be  only  10:1,  so  if  the  gate  leakage  scales  with  the  gate  perimeter, 
the  performance  will  decrease  with  decreasing  dimensions.  The  performance  of 
cells  with  different  capacitor-area-to-gate-area  and  capacitor-area-to-gate- 
perimeter  ratios  needs  to  be  experimentally  established. 


5.5  Circuit  Development 

Section  4.1  began  a  discussion  of  circuit  requirements  for  FET-accessed 
dynamic  memory  cells  in  GaAs  by  considering  operating  voltages  internal  to  the 
memory  array.  The  design  of  the  peripheral  circuits  is  critical  to  the 
performance  of  the  memory.  Circuits  must  be  designed  to  provide  the  internal 
supply  voltage  to  hold  the  capacitor  plate  connections  at  the  shifted  logic-low 
value,  and  to  drive  the  wordline  voltage  from  ground  to  the  relatively  high 
value  needed  for  cell  access.  To  maintain  very  low  power  consumption  it  is 
important  that  the  wordline  and  substrate  potentials  be  as  close  as  possible 
during  the  storage  state.  Sense  amplifiers  must  be  designed  to  precharge  the 
bitlines  to  the  proper  value  between  the  shifted  logic-high  and  logic-low 
voltages.  The  sense  amplifiers  must  also  transform  the  shifted  internal  logic 
voltages  back  to  the  standard  DCFL  logic  levels  used  by  the  peripheral 
circuitry.  The  speed  and  sensitivity  of  the  sense  amplifiers  will  largely 
determine  how  fast  the  memory  will  operate  and  how  small  the  capacitors  can 
become. 

In  order  to  design  the  peripheral  circuitry,  computer  models  which 
accurately  describe  the  experimental  behavior  of  the  test  devices  must  be 
developed  and  maintained.  Computer  simulations  are  needed  to  optimize  the 
selection  of  operating  vofiages  as  outlined  in  Section  4.1.  The  relationships 
between  the  physical  design  parameters  and  the  performance  of  individual 
memory  cells  are  becoming  increasingly  well  established.  The  optimal  selection 


of  many  of  the  most  critical  of  those  parameters,  such  as  channel  depth 
(threshold  voltage),  gate  length  and  width,  and  capacitor  size  now  depend  on 
accurately  assessing  the  requirements  of  the  complete  dynamic  memory  circuit. 
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